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ABSTRACT 
 
 Sooty blotch and flyspeck (SBFS), a fungal disease of apple and other fruit crops, 
has been studied for 185 years because it can cause significant economic losses for 
growers. In recent years, with the deployment of phylogenetic analysis to complement 
morphological observation, many cryptic species of SBFS fungi have been discovered. 
For example, although the genus Peltaster has only two species, P. fructicola and P. 
cerophilus, potentially this cryptic genus has more undescribed species. Most commercial 
apple growers in the eastern half of the U.S. manage SBFS with fungicide sprays applied 
on a calendar-timed basis, spraying every 7 to 14 days from shortly after bloom until 
harvest. However, relatively little attention has been paid to understanding the ecology 
and epidemiology of SBFS. Therefore, further studies on SBFS are important for a better 
understanding of this disease complex, and to develop more effective and 
environmentally rational SBFS management approaches. 
 A laboratory experiment was conducted on 42 Peltaster isolates from Dr. Mark 
Gleason’s collection at Iowa State University to clarify species identifications based on 
morphology and DNA sequences. Phylogenetic analysis based on the internal transcribed 
spacer region of rDNA, the partial translation elongation factor 1-α gene, and the partial 
mitochondrial small subunit rDNA gene demonstrated that a group of Peltaster isolates 
from the U.S. had different DNA profiles from previously described P. fructicola and P. 
cerophilus. Observations of colony morphology using light and electron microscopy 
supported the distinction noted from the phylogenetic analysis. The newly recognized 
group produces conidiophores bearing primary conidia that produce secondary conidia 
xi 
 
either through budding or undergo microcyclic conidiation; these characteristics were not 
seen in P. cerophilus or P. fructicola. A new species, P. gemmifer, was delineated. 
 Two field experiments were conducted. The first experiment focused on 
validation of a SBFS warning system in an Iowa apple orchard from 2013 to 2015. The 
objectives were to evaluate the performance of a previously proposed SBFS warning 
system, assess the economic benefits of the warning system, and compare efficacy of 
conventional and reduced-risk fungicides in controlling SBFS when using the warning 
system. The proposed relative humidity-based warning system required 2.7 fewer 
fungicide sprays per season than traditional calendar-based spray timing. A partial budget 
analysis indicated that the warning system was more cost-efficient than the calendar-
based spray system for orchards >1 ha in size, and conventional and reduced-risk 
fungicides provided equivalent SBFS control when used with the warning system.  
A second field experiment was conducted in an Iowa apple orchard in 2015 and 
2016 to compare the effect of precipitation on dissemination of three SBFS taxa. 
Overhead irrigation was installed in the field and three daily irrigation regimes were 
imposed – low (3 h), medium (6 h), or high (12 h). Results demonstrated that 
dissemination of Peltaster sp. increased rapidly in proportion to increased precipitation, 
whereas Stomiopeltis sp. and Microcyclosporella sp. did not show a consistent increase. 
This study was the first to reveal species-specific differences in dissemination of SBFS. 
 A fourth objective was to develop a case study on SBFS management for 
undergraduate students. The case study was developed to enable students to take an 
active-learning, problem-solving approach to understanding how to solve the SBFS 
management problems of a fictional apple grower in Iowa. The SBFS waning system 
xii 
 
proposed in the dissertation was also incorporated in the case study as one of the options 
for management. The case study was tested with students in two Iowa State University 
undergraduate courses, and the feedback obtained from the students was used to improve 
the case study. 
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CHAPTER 1 
GENERAL INTRODUCTION 
 
Dissertation Organization 
 This dissertation consists of one abstract and six chapters. The first chapter 
includes an introduction to sooty blotch and flyspeck (SBFS), previous findings on SBFS 
research, and the research rationale and objectives. The second chapter is a manuscript 
submitted to Mycologia in October 2017, which involves a study describing Peltaster 
gemmifer, a new species in the genus Peltaster. The third chapter is a manuscript 
published in Plant Disease in October 2017, evaluating the performance of a relative 
humidity-based warning system for SBFS management in Iowa. The fourth chapter is a 
manuscript in preparation for submission to Phytopathology, which investigates the effect 
of precipitation on the dissemination of Peltaster species in the field. The fifth chapter 
presents a case study that was developed for undergraduate and post-graduate education 
levels, focusing on the SBFS management on apple. The case study was published in the 
journal Plant Health Instructor and posted online at the American Phytopathological 
Society (APS) Education Center (https://www.apsnet.org/edcenter/Pages/default.aspx). 
The sixth chapter summarizes the research results. 
 
1.2 Literature review 
1.2.1 Apple production in the U.S. and importance of SBFS 
The United States of America (U.S.) is the second-largest apple-producing 
country, with average production of 5 million metric tons per year, behind the leading 
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country, China, with 40 million metric tons per year (FAO, 2015). The major states of 
apple production in the U.S. are Washington, New York, Michigan, Pennsylvania and 
California. Iowa contributed 2,000 metric tons, primarily for fresh-market sale within the 
state (NASS, 2015). 
Sooty blotch and flyspeck (SBFS) fungi produce dark-colored colonies that 
blemish the apple surface (Williamson and Sutton 2000; Sutton 1990). Economic losses 
from SBFS diseases occur primarily because these blemishes reduce the value of the 
apples for fresh-market sale (Yue et al. 2007). Although SBFS infections are superficial, 
apple crops infected with SBFS may be directed to processing (Williamson and Sutton 
2000), which is far less profitable for growers than fresh market sale. Sooty blotch and 
flyspeck is regarded as an economically important disease in the eastern half of the U.S. 
(Gleason et al. 2011) and in several other countries with moist temperate growing 
conditions, including China (Gao et al. 2015a), Germany (Weber et al. 2016), Serbia 
(Medjedović et al. 2014), Turkey (Mayfield et al. 2013), Poland (Mirzwa-Mróz et al. 
2011), Norway (Batzer et al. 2015), Iran (Heidari et al. 2015), and Japan (Ajitomi et al. 
2017). 
 
1.2.2 Characterizing SBFS species 
In 1832, Dothidea pomigena was the sole pathogen described to cause SBFS on 
apples in Pennsylvania (Schweinitz 1832). The pathogen was later renamed Asteroma 
pomi (Schw.) (Sprague 1856), and then Phyllachora pomigena (Schw.) (Saccardo 1883). 
Subsequently, Leptothyrium pomi (Mont. & Fr.) was known as the pathogen of SBFS 
(Selby, 1900). Two different pathogens, P. pomigena and L. pomi, were later determined 
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to cause so-called sooty blotch (SB) and flyspeck (FS) diseases, respectively (Hesler and 
Whetzel, 1917). Colby (1920) further supported the conclusion that different fungi were 
responsible for two different diseases: SB, caused by the newly named Gloeodes 
pomigena, whose colonies were comprised of a mycelial mat either with or without the 
presence of round and dark-pigmented structures called sclerotium-like bodies; and FS, 
caused by L. pomi, whose colonies had sclerotium-like bodies without a mycelial mat. 
The putative SB pathogen was thought to be the only species causing SB until 1997, 
when three different pathogens, Leptodontium elatius, Peltaster fructicola and 
Geastrumia polystigmatis, were reported to cause SB symptoms on apple in North 
Carolina (Johnson et al. 1997). Interestingly, the fungus originally described as Gloeodes 
pomigena was not found by these or any subsequent workers. Baines (1940) supported 
the findings of Colby (1920) that FS was caused by one fungal species, Microthyriella 
rubi Petrak. The FS pathogen was later transferred into a different genus and renamed 
Schizothyrium pomi (Mont. & Fr.) by Von Arx (1959). Zygophiala jamaicensis Mason 
was first described by Martyn (1945) on banana, and later was stated to be the 
anamorphic stage of S. pomi by Durbin (1953). 
For most of the 20th century, therefore, SBFS was believed to be two distinct 
diseases, each caused by a single fungal species. However, as DNA-based studies were 
added to morphological characterization, it became clear that SBFS is actually a highly 
diverse disease complex, caused by more than 80 named and putative species worldwide, 
with a wide spectrum of mycelial types on the apple fruit surface. This disease complex 
paradigm replaced the earlier dogma that SB and FS were two separate diseases (Batzer 
et al. 2005; Gleason et al. 2011). In recent years, new SBFS species in the genera 
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Cyphellophora, Scleroramularia, Zasmidium, Devriesia, Ramichloridium, Zygophiala, 
Scolecobasidium, and Peltaster have been described (Batzer et al. 2008; Gao et al. 2015a; 
Gao et al. 2015b; Hao et al. 2013; Li et al. 2013; Medjedović et al. 2014; Wang et al. 
2014; Zhao et al. 2016). Some new genera comprising SBFS species have also been 
described, including Microcyclospora, Microcyclosporella, Phaeothecoidiella, Houjia 
and Sporidesmajora (Li et al. 2009; Yang et al. 2010). 
Preliminary studies have suggested that mycelial types possessed by different 
SBFS fungi on apples could be used as an identification feature, since mycelial type is 
consistent within each species (Mayfield 2013; Díaz Arias et al. 2010). However, most 
SBFS species cannot be differentiated solely on the type of mycelium on fruit, because as 
many as 20 SBFS species can share a single mycelial type (Batzer et al. 2005, Díaz Arias 
et al. 2010). For example, the punctate mycelial type is associated with two SBFS 
species, P. fructicola and Phaeothecoidiella missouriensis (Williamson et al. 2004; Yang 
et al. 2010). Additional mycelial types of SBFS fungi, with example SBFS species in 
parentheses, are: fuliginous (Houjia yanglingensis); ramose (Stomiopeltis sp.); flyspeck 
(Zygophiala wisconsinensis); ridged honeycomb (Microcyclosporella sp.); discrete speck 
(Dissoconium mali); and compact speck (Scleroramularia spp.) (Batzer et al. 2005; Gao 
et al. 2014; Li et al. 2011; Li et al. 2012; Mayfield et al. 2013; Yang et al. 2010; Zhuang 
et al. 2010). 
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1.2.3 Biogeography and environmental biology 
Sooty blotch and flyspeck species are mostly in the order Capnodiales, but a few 
are in Chaethotyriales. The SBFS complex is worldwide in distribution (Batzer et al. 
2005; Ismail et al. 2016). However, the distribution of certain SBFS species appears to be 
regional rather than cosmopolitan. In the U.S., P. fructicola, Schizothyrium pomi, and 
Microcyclosporella sp. RH1 are among the most widely distributed SBFS species in the 
eastern and midwestern U.S., but several other species appear to be localized in specific 
geographic regions (Batzer et al. 2005; Díaz Arias et al. 2010; Frank et al. 2010). For 
example, G. polystigmatis was found only in the southeastern and northeastern states 
(Georgia, North Carolina, Kentucky, Pennsylvania, and Massachusetts); and 
Colletogloeum sp. FG2.1 was found primarily in the Midwest (Iowa, Missouri, Illinois, 
and Michigan) (Díaz Arias et al. 2010). Peltaster cerophilus was most common in 
Germany, whereas P. fructicola was relatively uncommon there (Weber et al. 2016).  
Differences among SBFS species in their geographic patterns of occurrence may 
be influenced by interspecific differences in environmental response as well as regional 
differences in climate and weather patterns (Díaz Arias et al. 2010). Regional differences 
in environmental factors such as leaf wetness duration (LWD), relative humidity (RH), 
rainfall, and temperature could affect the growth of SBFS fungi on apple (Batzer et al. 
2010; Johnson and Sutton 2000). As an example of regional climatic variation, a recent 
study found that 70% of wet hours in western North Carolina resulted from rainfall, 
whereas nearly 70% of wet hours in the Upper Midwest resulted from dew (Batzer et al. 
2008). Studies of environmental biology of SBFS fungi in vitro have found many 
interspecific differences; for example, many SBFS fungi have optimum mycelial growth 
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at 20 to 25°C, but some species like Dissoconium aciculare are able to grow at 10°C and 
Peltaster spp. show some growth at 35°C (Batzer et al. 2010). 
The diversity of SBFS fungi also appears to be affected by orchard management 
practices. In the U.S., higher diversity was found in untreated orchards compared to 
orchards treated with fungicide sprays (Díaz Arias et al. 2010). Batzer et al. (2015) 
reported that the diversity of SBFS fungi in orchards in Norway was highest in untreated 
orchards, and lowest in orchards with organic management. In Germany, orchards treated 
with conventional fungicides tended to have the lowest SBFS severity and diversity, 
organic orchards showed intermediate diversity, and untreated orchards showed the 
highest diversity (Weber et al. 2016). Orchards treated with fungicide sprays apparently 
had minimal infection by SBFS species that are relatively sensitive to the fungicides; in 
in vitro mycelial growth tests, it has been shown that SBFS species can vary significantly 
in sensitivity toward several fungicides that are widely used against SBFS (Barrett et al. 
2002; Tarnowski et al. 2003). 
  
1.2.4 Colonization of apple fruit 
The SBFS fungi are assumed to obtain nutrients from sugars and organic acids 
that leach onto the fruit surface (Belding et al. 2000). Therefore, nutrient concentration at 
the fruit surface may affect the growth of SBFS. Batzer et al. (2010) compared in vitro 
mycelial growth of six SBFS species on Noble agar amended with four apple juice 
concentrations (0, 0.01, 0.05 or 0.5%) and noted differences in colony color and 
appearance of sclerotium-like bodies among these nutrient treatments as well as among 
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the SBFS species. The findings suggested that nutrient availability could affect species-
specific patterns in the timing of appearance of SBFS colonies in the field. 
The outer surface of apple fruit is composed of a waxy layer covering the 
underlying cuticle (Belding et al. 1998; Xu et al. 2016).The waxy layer protects the fruit 
against desiccation, limits leaching from the fruit, and also acts as the first line of defense 
against infection by tissue-penetrating plant pathogens (Belding et al. 2000). The SBFS 
fungi were regarded as epiphytic fungi for many years (Johnson 1994; Williamson and 
Sutton 2000). Belding et al. (2000) further concluded that SBFS fungi had an epiphytic 
niche by observing growth of P. fructicola and L. elatius on cover slips overlaid with five 
major components of apple epicuticular wax. Belding and co-workers reported that 
neither SBFS species showed appreciable growth on any of the wax components unless 
apple juice was added, and scanning electron microscopy (SEM) showed no degradation 
of the wax layer after these species were inoculated onto the apple surface.  
However, recent discoveries indicate that the term ‘ectophytic’ is a more accurate 
descriptor for the ecological niche of at least some SBFS fungi. Using SEM, Xu et al. 
(2016) documented degradation of the epicuticular waxy layer of apple fruit by P. 
fructicola. The cuticle was also partially degraded by P. fructicola, but without 
penetrating further to the epidermal cell wall (Figure 1). The ability of P. fructicola to 
degrade cuticle layers was traced to its production of cutinase enzymes, which can break 
down a key component of the cuticle, but degradation of the epidermal cell walls did not 
occur due to absence of cell wall-degrading enzymes (Xu et al. 2016). These workers 
hypothesized that degradation of cuticle layers enhances the uptake of the nutrient 
leachates, but without triggering the host’s defense responses. Xu et al. (2016) speculated 
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Figure 1. (a) Top view of P. fructicola colonizing the apple fruit surface. (b) Cross-
section view of the apple with hyphae reaching the cuticular layer (Xu et al. 2016). 
that the observed ectophytic lifestyle of P. fructicola might be typical of all SBFS 
species. 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.2.5 Peltaster species 
The genus Peltaster was described in 1917, with P. hedyotidis Syd. & Syd. as the 
first designated species (Sydow and Sydow 1917). The type species was isolated from 
Hedyotidis elmeri, a flowering plant in the Philippines. In 1996, a second species, P. 
fructicola Eric M. Johnson, T.B. Sutton & Hodges, was found associated with SBFS on 
apple in North Carolina (Johnson et al. 1996). Colonies of P. fructicola are characterized 
by the punctate mycelial type: circular or irregular in shape, with abundant dark-
pigmented hyphae, tightly adherent to the apple cuticle, and with pycnothyria scattered 
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on the colony (Batzer et al. 2005; Johnson et al. 1996; Williamson et al. 2004). The 
conidia in pycnothyria are produced from a single locule on an inverted hymenium that 
lines the pycnothyrium. On potato dextrose agar (PDA), P. fructicola produces colonies 
that are light gray, dark gray, gray-green, dark brown, black, or a combination of several 
of those colors, and grow approximately 10 mm in diameter in 21 days at 21°C. Johnson 
et al. (1996) described the formation of conidia from a short stub that is developed from a 
single fertile locus on undifferentiated hyphae; size of conidia were 3.6 to 7.2 µm × 0.7 to 
1.1 µm. Johnson et al. (1996) also observed that conidia in P. fructicola tend to bud 
directly in a yeast-like manner from a single fertile locus.   
Peltaster species are commonly found on apples in most of the eastern U.S. (Díaz 
Arias et al. 2010; Johnson et al. 1997). Molecular studies of an isolate collection from the 
Midwest U.S. by Batzer et al. (2005), using the large subunit (LSU) region of 
ribosomalDNA (rDNA), found that three putative species of Peltaster - P. fructicola, 
Peltaster sp. P2.1, and Peltaster sp. P2.2 - were grouped together with bootstrap support 
of 100%, whereas one putative species, Peltaster sp. CS2, did not group with the others. 
The Peltaster sp. CS2 isolate also showed different morphological characteristics than 
other putative Peltaster species in that it exhibited the compact speck mycelia type, pink 
yeast-like growth on PDA, and no visible mycelium (Batzer et al. 2005). Díaz Arias et al. 
(2010), using phylogenetic analysis of the LSU region on a larger isolate collection from 
the Midwest and East regions, found that five putative species - Peltaster sp. P8, P2.1, 
P2.2, P3, and P. fructicola - were grouped with 100% bootstrap support within 
Capnodiales in class Dothideomycetes, along with other major genera of SBFS fungi 
such as Stomiopeltis, Pseudocercospora, Dissoconium and Zygophiala. 
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The surveys by Batzer et al. (2005) and Díaz Arias et al. (2010) generated wider 
searches for diversity in the genus Peltaster. In 2014, a new Peltaster species, P. 
cerophilus Jana Frank & Schroers (Medjedović et al. 2014), was described from isolates 
obtained in apple orchards in Slovenia. On synthetic nutrient-poor agar, P. cerophilus 
showed micromorphology similar to that of P. fructicola. Both P. fructicola and P. 
cerophilus produce conidia from conidiogenous cells that appear as a single short neck, 
and by budding directly in a yeast-like manner, without the presence of conidiophores 
(Johnson et al. 1996; Medjedović et al. 2014). Peltaster cerophilus on apple differed from 
P. fructicola in having less brown pigmentation in the center and lacking distinct margins 
of the pycnothyria (Johnson et al. 1996; Medjedović et al. 2014; Williamson et al. 2004). 
These differences in morphology between P. fructicola and P. cerophilus were supported 
by DNA-based phylogenetic analysis using three different genes (Medjedović et al. 
2014). 
The nuclear ribosomal internal transcribed spacer region (ITS) of rDNA, which 
has been widely used in SBFS studies (Batzer et al. 2005, 2016; Gao et al. 2015a; Ismail 
et al. 2016; Medjedović et al. 2014), is regarded as a universal DNA marker for fungi 
(Schoch et al. 2012), although some biases could occur. For example, some parts of the 
ITS region can be amplified more easily on ascomycete than basidiomycete fungi 
(Bellemain et al. 2010). Other molecular markers that have been used in studying SBFS 
fungi are the translation elongation factor 1-alpha (TEF) and mitochondrial small subunit 
rDNA gene (mrSSU) gene (Li et al. 2012; Medjedović et al. 2014; Zhang et al. 2015). 
Although the mrSSU gene was suggested for studying lichens (Zoller et al. 1999), many 
studies have used the gene to study non-lichenized fungi such as Botryosphaeria spp. and 
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Diplodia spp. (Slippers et al. 2013), black yeasts and rock-inhabiting fungal species (Ertz 
et al. 2014; Teixeira et al. 2017), Aspergillus spp., and Penicillium spp. (Heneberg et al. 
2016). 
Peltaster fructicola also has a relatively small genome (19.54 Mb) compared to 
15 other fungi with different lifestyles (hemibiotrophic, biotrophic, necrotrophic, and 
saprotrophic) (Xu et al. 2016). Among 8,334 predicted protein-coding genes, Peltaster 
fructicola was found to have 15 secondary metabolite (SM) genes coding for mycotoxin 
and antibiotic biosynthesis, but with poor transcriptional activity (Xu et al. 2016). The 
low level expression of these secondary metabolite-related genes may help to explain 
why this species depends primarily on nutrient leachates, without harming living host 
cells, but it is possible that these genes help to enable P. fructicola to antagonize 
competing microorganisms on the apple fruit surface. Secondary metabolites such as 
trichothecolone, trichothecolone acetate, 6-methysalicylic acid, and 2,5-
dihydroxybenzoic acid can be produced by P. fructicola, and confer strong activity 
against Botryosphaeria spp. and Colletotrichum spp. both in vitro and in vivo 
(Venkatasubbaiah et al. 1995). Other SBFS fungi can also produce SM compounds: 
Microcyclospora spp. produced obionin, which inhibited growth of Mucor hiemalis 
(Surup et al. 2014), as well as the hazardous mycotoxin trichothecene that is widely 
documented to have antimicrobial properties (Cardoza et al. 2015; Malmierca et al. 2016; 
Ren et al. 2015; Ryu et al. 2017). However, Venkatasubbaiah et al. (1995) reported that 
another SBFS species, Leptodontium elatius, was not able to produce any of the listed 
SM compounds. 
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The relatively small genome and reduced ability to produce secondary metabolites 
clearly separated P. fructicola from other plant pathogens having different niches. 
However, SBFS fungi and tissue-penetrating plant pathogens are also similar in some 
ways. For example, Xu and co-workers reported that Zvmoseptoria tritici,a plant 
pathogen causing leaf blotch on wheat (Torriani et al. 2015) that is closely related to P. 
fructicola, shares six predicted cutinase-coding genes with that SBFS species. A similar 
relationship between SBFS and other tissue-penetrating plant pathogens was also 
observed by Ismail et al. (2016), using ancestral state reconstruction with 28S rDNA and 
RPB2 genes. Major SBFS lineages were found to have evolved from ancestral tissue-
penetrating plant-parasitic fungi that belong to the order Capnodiales, such as Septoria, 
Cercospora, Teratosphaeria, and Mycosphaerella (Ismail et al. 2016). Even though P. 
fructicola had fewer genes involved in plant invasion, such as secondary metabolite 
synthesis, amino acid and carbohydrate metabolism and transport, effector proteins, and 
genes for producing major plant-cell wall degrading enzymes, however, genes 
responsible for melanin-biosynthesis, which produce dark pigmentation that protects 
against radiation, extreme heat and desiccation (Beltrán-García et al. 2014), were highly 
expressed in P. fructicola compared to Z. tritici (Xu et al. 2016). 
 
1.2.6 Disease management 
 Management of SBFS has relied on integrated pest management (IPM) 
approaches combining cultural practices and chemical controls (Gleason et al. 2011; 
Williamson and Sutton 2000). Cultural practices are aimed at minimizing the occurrence 
of favorable conditions for SBFS infection to occur (Williamson and Sutton 2000). For 
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example, annual pruning is recommended in order to reduce RH and LWD in the tree 
canopy (Colby 1920). Later researchers found that SBFS symptoms could be reduced by 
up to 50% by summer pruning (Cooley et al. 1997), and that dormant-season pruning 
could also reduce SBFS incidence (Ocamb-Basu et al. 1988). Apple trees with inadequate 
pruning not only create highly conducive environments for SBFS infection, but also 
reduce fruit coverage by fungicide sprays (Batzer et al. 2008; Cooley et al. 1997). In 
Germany, retention of fruit mummies (shrunken fruit) on certain apple cultivars, 
including ‘Dalinbel’, ‘Elstar’, ‘Gerlinde’ and ‘Ingrid Marie’, during the dormant season 
can allow many plant pathogens, including SBFS fungi, to overwinter in orchards (Beer 
et al. 2015), so removal of mummies in the fall can reduce SBFS risk.   
The use of multilayer fruit bags to protect apple fruit from airborne pathogens is 
widely practiced in China and Japan (Gleason et al. 2011). In the U.S., applying fruit 
bags throughout July and August significantly reduced SBFS incidence in a Kentucky 
orchard (Smigell and Hartman 1998). However, two years of field study in Iowa found 
that SBFS inoculum begins to land on apple fruit in early June, as soon as the fruit started 
to develop (Ismail et al. 2016). Therefore, gaining the full value of fruit bags in deterring 
SBFS might require covering the fruit from that point until close to harvest. However, 
fruit bags have significant limitations for management of SBFS and other diseases: they 
are not economically viable in orchards in the U.S. or Europe due to high labor costs 
associated with handling the bags, and they do not confer protection against foliar 
diseases, so that foliar fungicide sprays are still required in many regions where the bags 
are in common use. 
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Post-harvest treatments have been investigated for ability to remove SBFS 
colonies and restore the fresh-market grade of the harvest. Dipping SBFS-infected apples 
in chlorine or fruit soap, followed by brushing and rinsing, removed SBFS colonies by up 
to 85% (Hendrix 1991; Batzer et al. 2002). However, the effectiveness of removing the 
SBFS colonies from the surface of the apples depended on the concentration of sodium 
hypochlorite in the dip tank, and also on the apple cultivar (Batzer et al. 2002). 
Fungi in the SBFS complex colonize a wide range of plant hosts. Colonies have 
been observed on the surface of such fruits as banana, mango, squash, and plum (Gleason 
et al. 2011; Perez-Martinez et al. 2009; Weber et al. 2016) as well on fruit, canes, twigs, 
and leaves of many other plant species, including common blackberry and wild rose 
(Cooley et al. 2007; Gleason et al. 2011; Weber et al. 2016). These plants act as reservoir 
hosts that contribute SBFS inoculum for infection of commercial fruit crops. Therefore, it 
has been suggested to either remove reservoir hosts from orchard margins or apply 
fungicide sprays to reservoir hosts bordering orchards in order to reduce inoculum 
potential (Williamson and Sutton, 2000). However, no studies have documented the 
effectiveness of this strategy in managing SBFS (Gleason et al. 2011). 
Fungicides are the mainstay of SBFS control in commercial orchards, in part 
because the fresh-market standards for blemish-free fruit are rigorous. In the U.S., for 
example, commonly used products to control SBFS in conventional orchards include 
thiophanate-methyl, captan, strobilurin, and succinate dehydrogenase inhibitor (SDHI) 
fungicides (Babadoost et al. 2004; Gleason et al. 2011). In organic orchards, approved 
fungicides such as potassium bicarbonate, sulfur, copper, and/or coconut soap have been 
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reported to reduce SBFS incidence (Gleason et al. 2011; Weber et al. 2016; Williamson 
and Sutton 2000).  
In the eastern half of the U.S., most commercial apple growers apply fungicide 
sprays at intervals of 1 to 2 weeks from the start of the fruit development period until 
harvest begins, without considering the level of disease risk (Williamson and Sutton 
2000). By using a calendar-based system for timing of fungicide sprays, the number of 
fungicide applications per season against SBFS can range up to eight, depending on 
duration of the fruit maturation period (Babadoost et al. 2004; Sutton 1996). A recent 
analysis of the cost of fungicide applications against SBFS reported that each fungicide 
spray, based on relatively inexpensive products such as captan and thiophanate-methyl, 
can cost about $30/acre (Rosli et al. 2017); these costs rise if more expensive fungicides 
such as strobilurins, phosphites, or SDHIs, which also pose less risk to human health than 
captan or thiophanate-methyl, are used (Gleason et al. 2011).  
Fungicide spraying on a calendar-timed basis can lose money for growers because 
failure to account for the impact of weather on disease risk can lead to needless spraying. 
In addition, frequent exposure of fungicides can have harmful effects; for example, 
exposure to thiophanate-methyl can induce human gene damage and alter the 
conformation of human serum albumin in the plasma (Capriglione et al. 2011; Li et al. 
2009). Therefore disease-warning systems are designed to help growers to time disease-
control practices such as fungicide spraying in a cost-effective manner by taking account 
of host and environmental influences on the risk of disease outbreaks. For example, 
SBFS disease-warning systems have been proposed as an alternative to calendar-based 
spray schedules (Brown and Sutton 1995). The fundamental concept of SBFS disease-
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warning systems is applying fungicides only when environmental conditions favor 
outbreaks of the disease (Campbell and Madden 1990). In the 1990s, the first warning 
system for SBFS, called the Brown-Sutton-Hartman system, was developed in North 
Carolina and Kentucky. The system utilized LWD to predict the timing of first 
appearance of SBFS colonies on apples in an orchard (Brown and Sutton 1995; Hartman 
1995).  
When the Brown-Sutton-Hartman warning system was tested in commercial apple 
orchards in the Upper Midwest U.S. (Iowa, Wisconsin, and Illinois), unacceptably high 
incidence of SBFS occurred in 12 of 28 site-years (Babadoost et al. 2004). Initially, poor 
fungicide coverage and inadequate pruning were hypothesized to explain the control 
failures (Babadoost et al. 2004). However, field data of Batzer et al. (2008) suggested 
that, due to climatic differences between the southern states (North Carolina and 
Kentucky) and the Upper Midwest, LWD was misleading as an environmental indicator 
of SBFS risk in the Upper Midwest (Duttweiler et al. 2008).  
In 2008, Duttweiler and co-workers evaluated multiple weather variables as 
inputs to modify the Brown-Sutton-Hartman system to fit climatic conditions in the 
Upper Midwest (Duttweiler et al. 2008). Receiver operating characteristic curve analysis 
of 19 site-years of field data showed that cumulative hours of RH ≥97% was a more 
accurate weather input than LWD for predicting SBFS risk in Iowa and Wisconsin. A 
proposed RH-based system, the Gleason-Duttweiler warning system, required field 
validation before any recommendation for the system adoption could be made to the 
growers in the Upper Midwest (Duttweiler et al. 2008). Mayfield (2013) conducted 
validation trials in an Iowa orchard during 2010 and 2011, using a threshold criterion of 
17 
 
192 cumulative hours of RH ≥97% since the first-cover spray to delay the application of 
the second-cover fungicide spray. In these trials, the Gleason-Duttweiler warning system 
saved three fungicide sprays per growing season when compared with the calendar-based 
system, with SBFS control equivalent to the calendar-based system. However, using the 
RH ≥97% threshold resulted in high variability of readings when RH sensors were paired 
side-by-side, and it was concluded that such high variability in sensor readings could 
compromise accuracy of warning system performance (Mayfield 2013). 
 
1.2.7 Inoculum dissemination 
There is little published information concerning dissemination of inoculum of 
SBFS pathogens. It is widely assumed, with few supporting data, that SBFS fungi 
overwinter on reservoir host plants in and near orchards, and that wind and rain 
disseminate conidia to apple fruit (Williamson and Sutton, 2000). Quantitative studies 
have not been conducted to gauge how far SBFS inoculum can spread from reservoir 
hosts, but anecdotal evidence from a Massachusetts orchard suggested that inoculum 
could be dispersed at least 100 m into an apple orchard from reservoir hosts on the 
orchard borders (Cooley et al. 2007). From infected apples, it was hypothesized that 
SBFS conidia could be further disseminated by rain-splash to nearby apples on the same 
tree or to nearby trees (Medjedović et al. 2014; Weber et al. 2016; Williamson and Sutton 
2000). 
The time interval between infection and symptom appearance may vary from 
several weeks to several months (Gleason et al. 2011). Environmental conditions play a 
large role in the timing of appearance of SBFS colonies. In North Carolina and 
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Pennsylvania, the timing of appearance depends on the amount of rainfall (Brown and 
Sutton, 1993; William and Sutton 2000). Rosenberger et al. (2002) noted that providing 
100% RH on excised fruit made SBFS symptoms appear sooner than on apples in the 
orchard. The timing of symptom appearance also depends on the SBFS species. Batzer et 
al. (2012) reported that the symptoms of three most prevalent SBFS species in central 
Iowa initially became visible at different times. Stomiopeltis species appeared first in the 
early summer, followed by Microcyclosporella species, whereas Dissoconium species 
usually appeared near harvest and also during cold storage. Ismail et al. (2016) found 
significant differences among SBFS species in the timing of deposition of conidia 
deposition on fruit. Ismail and co-workers covered all apples with fruit bags and exposed 
the apples to one of seven different 2-week-long exposure periods; i.e., the bags were 
removed from the apples for the prescribed 2-week period from May to September, then 
re-bagged until harvest. Conidia of M. mali, Stomiopeltis sp., and D. aciculare tended to 
land on apples relatively early in the fruit development period, whereas Peltaster 
fructicola conidia landed throughout the growing season without temporal peaks (Ismail 
et al. 2016). 
Disease cycles of SBFS species in the field have not been delineated clearly. 
However, previous studies have suggested that there are species-specific patterns in the 
disease cycle. Gao et al. (2014), observing in vitro and in vivo production of secondary 
conidia by Z. wisconsinensis on inoculated apples, suggested that this species may exhibit 
polycyclic infection (>1 infection cycle per growing season) in the field. In Iowa, P. 
fructicola was found to cause relatively numerous colonies in rainy compared to dry 
growing seasons; the number of Peltaster sp. colonies was >20-fold more than other 
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SBFS species, such as Stomiopeltis, Microcyclosporella, Schizothyrium, Dissoconium, 
and Colletogloeopsis-like species (Ismail et al. 2016). It was hypothesized that this 
distinct pattern of responsiveness to rainfall by Peltaster sp. may be related to its ability 
to produce conidia rapidly during wet conditions through budding, a characteristic which 
was absent in other common SBFS species in Iowa (Batzer et al. 2012). However, no 
studies have been conducted to explicitly compare dissemination among SBFS species 
during periods of precipitation. 
 
1.2.8 Case studies 
 Case studies are teaching tools that enable students to learn through teamwork, 
problem-solving, and group discussion. As a form of active learning, it can be used to 
supplement or replace conventional lecture formats (Merry 1954). However, case studies 
have been used less in science teaching than in the fields of medicine, law, or business 
(Herried 1994). One of the reasons why science teaching lags in the use of case study is 
the concern by teachers that such exercises will compromise classroom coverage of 
factual material (Herreid and Schiller 2013).  
 Case studies are constructed not to focus on teaching the content of science, but 
more to teach the process of science, so they are written to facilitate problem-solving 
(Herreid 1994; Herreid and Schiller 2013). Herried and Schiller (2013) listed three basic 
types of case study: 1. decision cases; 2. appraisal cases; and 3. case histories. For 
decision cases, the main character (usually fictionalized) in the case needs to make a 
decision in order to solve a challenging problem. Tables, graphs, photographs, or other 
resources can be used to set the foundation for students to seek possible solutions. For 
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example, a case study by Mallowa et al. (2016) focused on a corn farmer in the Midwest 
U.S. that was trying to decide if foliar fungicides should be applied on his crop. His two 
children disagreed with using fungicides and were trying to convince their father to use 
some alternative management approaches. This type of case study will engage students to 
participate, as it represents a real-life problem in which they are encouraged to 
incorporate scientific facts in evaluating options for a solution. A survey of more than 
15,000 STEM (science, technology, engineering, and mathematics) teachers, ranging 
from middle school to university levels, who applied case studies in their classes showed 
that they helped the teachers to spend more time discussing scientific research with the 
students, and that the students tended to become involved in the discussion and attempted 
to apply critical thinking skills (Herreid and Schiller 2013). 
Case studies are also a medium that has been used in so-called flipped classrooms, 
a teaching approach that provides students with materials (video, letter or scientific 
journals) before the class begins, as preparation for in-class, team-based activities that 
include discussion and debate (Davies et al. 2013; Kim et al. 2014). Assigning students to 
read the case study prior to in-class discussion helped them learn at their own pace, and 
they actively exchanged thoughts rather than passively listening as in the conventional 
lecture format (Fulton 2012). Some students would rather be exposed first to the subject 
in class rather than learning themselves from the given materials prior to class, making 
them come to the class unprepared (Herreid and Schiller 2013). However, Michaelson 
(1992) provided guidelines to overcome the problem by preparing individuals and group 
quizzes to insure the students had absorbed the case materials prior to in-class discussion. 
21 
 
Case studies can be written to address multiple research areas. For STEM, some 
available resources are the National Center for Case Study Teaching in Science 
(http://sciencecases.lib.buffalo.edu), providing case studies in various fields, and The 
American Phytopathological Society’s Education Center 
(https://www.apsnet.org/edcenter), which focuses on the area of plant health. The target 
audiences for materials from both resources vary from K-12 to college students, and are 
open access for instructors around the world. 
 
1.3 Research Rationale 
 The diminished appearance of apples due to SBFS infection leads to diversion of 
the harvest to processing instead of fresh-market sale, thus reducing growers’ revenue 
and profit. The effect of SBFS on apple growers is so significant that even if only few 
apples are infected at harvest, all the fruit are downgraded to processing use, because it is 
impractical to sort out the SBFS-blemished fruits manually (Gleason et al. 2011). 
Therefore, to prevent the loss of revenue, most growers spray fungicides frequently to 
produce unblemished apples.  
It is known now that SBFS is a disease complex, and >80 putative fungal species 
have been identified as SBFS pathogens (Gleason et al. 2011), making SBFS as one of 
the most diverse plant disease complexes ever documented. Discovery of new SBFS 
fungi is important as different SBFS species could have unique aspects of distribution, 
environmental biology, and fungicide sensitivity that may impact SBFS management. 
 Management of SBFS in Iowa and elsewhere in the eastern half of the U.S. relies 
heavily on fungicide sprays, following the calendar-based system that uses intervals of 7 
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to 14 days between fungicide applications during the fruit development period. 
Unnecessary fungicide applications, applied when the risk of SBFS outbreaks is minimal, 
are costly. Therefore, in 2008, the Gleason-Duttweiler system was proposed, uses RH as 
the weather input to help growers in Iowa and other regions with similar climatic 
condition to manage SBFS in their orchards in a more cost-effective manner (Duttweiler 
et al. 2008). However, any proposed warning systems requires field validation before 
recommendations can be made for the growers to adopt it in their orchards. In addition, 
most of the growers in Iowa incorporate the conventional fungicides captan and 
thiophanate-methyl into their calendar-based system. The use of reduced-risk fungicides 
such as trifloxytrobin (Flint) and biofungicide, potassium phosphite (Prophyt) in 
controlling SBFS in the field should be assessed as well. According to the United States 
Environmental Protection Agency, reduced-risk pesticides lower health risks to humans 
and other non-target organisms, reduce contamination of environmental resources, and 
make IPM strategies more effective. 
 Wind and rain have been regarded as the dispersal agents for SBFS from reservoir 
hosts to apple fruit (Williamson and Sutton 2000). When SBFS conidia land on the apple 
surface, environmental factors such as relative humidity, LWD, and rainfall affect 
development on the fruit. Wetness was suggested to impact the development of Peltaster 
species on the apple because Peltaster species colony counts on apples outnumbered 
other SBFS taxa during wet years (Ismail et al. 2016). However, the relationship between 
wetness and the dissemination of Peltaster species in the field has not been evaluated. 
Studies on SBFS dissemination from apple to apple have never been reported, and 
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understanding the factors affecting SBFS dissemination in the field could accelerate the 
development of more effective management tactics. 
 The knowledge obtained from current research circulates more often among 
researchers than undergraduate science students. Teaching articles such as case studies 
that involve problem-solving can enhance the science education of learners at all levels. 
Students who experienced case studies in class responded with highly positive feedback 
(Herreid and Schiller 2013). In the plant pathology field, case studies of cucurbit wilt, 
strawberry anthracnose, huanglongbing on citrus, and foliar diseases of corn, among 
others, have been published (Chen et al. 2017; Mallowa et al. 2016; Rojas et al. 2014; 
Zhang et al. 2015), but no case studies on SBFS have appeared. 
 The first goal of the research presented in this dissertation were to describe a 
putative species in the genus Peltaster that was reported in 2005 and 2010 survey studies 
in the U.S. The reliability of an RH-based warning system for SBFS proposed by 
Duttweiler et al. (2008) was also evaluated in the field. Third, the effect of precipitation 
on the dissemination of Peltaster species was also investigated. Lastly, a SBFS-focused 
case study was developed for undergraduates and tested in classes at Iowa State 
University. 
 
1.4 Research Objectives 
 The research conducted and presented here had four objectives: 
1. To characterize morphologically and perform phylogenetic analysis on putative 
species in the SBFS genus Peltaster. 
24 
 
2. To evaluate the performance of an RH-based warning system for SBFS 
management and assess the economic benefits of the proposed warning system.  
Efficacy of conventional and reduced-risk fungicides when used in conjunction 
with the warning system was also investigated. 
3.  To assess the effect of different irrigation regimes on dissemination of SBFS taxa 
among fruit on the same apple tree, and to determine whether Peltaster sp. 
disseminates more readily on apples than other commonly occurring SBFS taxa in 
Iowa. 
4. To develop a case study for undergraduate students in multiple disciplines, 
focusing on introducing SBFS diseases and their management tactics in the field. 
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Abstract 
Sooty blotch and flyspeck (SBFS) fungi infect the cuticle of fruit, especially apple 
fruit, and produce pigmented colonies. A new member of this fungal complex in the 
genus Peltaster is described based on molecular and morphological evidence. The SBFS 
complex is a diverse group of ectophytic fungi that reside primarily within the order 
Capnodiales. Sooty blotch isolates from apple orchards in the central United States were 
subjected to parsimony and Bayesian analysis based on the internal transcribed spacer 
region of rDNA, the partial translation elongation factor 1-α gene, and the partial 
mitochondrial small subunit rDNA gene. Phylogenetic analyses delineated a new species, 
Peltaster gemmifer, from P. cerophilus and P. fructicola. Peltaster gemmifer 
conidiophores bear primary conidia that produce secondary conidia either through 
budding or through microcyclic conidiation, which were not seen in cultures of P. 
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cerophilus and P. fructicola. On cellulose membrane that was placed on water agar 
amended with apple juice, P. gemmifer produced brown to black pycnothyria on a 
superficial brownish mycelial mat, similar to the sooty blotch signs produced on apple 
fruit. Findings from the present study add to the >80 putative SBFS species so far 
described worldwide. 
 
Introduction 
Sooty blotch and flyspeck (SBFS) fungi comprise a worldwide disease complex 
that damages the cuticle of fruit such as apple and pear. The appearance of dark smudges 
and black sclerotium-like bodies on the fruit surface can reduce fresh market value by up 
to 90% (Gleason et al. 2011; Williamson and Sutton 2000). Different SBFS species 
produce distinct colony morphologies, called mycelial types, on the apple peel (Batzer et 
al. 2005). Examples of previously described mycelial types within the SBFS complex 
include flyspeck (Schizothyrium spp.), punctate (Peltaster spp., Phaethecoidiella spp., 
Cyphellophora spp.), ramose (Stomiopeltis spp., Geastrumia polystigmatis), fuliginous 
(Pseudocercospora spp., Uwebraunia spp., Houjia spp., Pseudoveronaea spp., 
Microcyclospora spp.), compact speck (Scleroramularia spp.), discrete speck 
(Dissoconium spp., Zasmidium spp., Ramichloridium spp.), and ridged honeycomb 
(Microcyclosporella spp.) (Batzer et al. 2005, 2016; Gleason et al. 2011). 
The genus Peltaster is based on P. hedyotidis Syd. & Syd., which was isolated 
from the flowering plant Hedyotidis elmeri (Rubiaceae) in the Philippines (Sydow and 
Sydow 1917). Peltaster hedyotidis produces asexual fruiting bodies (pycnothyria) on the 
leaf surface that are ostiolate or non-ostiolate, with hyaline, one-celled conidia of various 
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shapes and sizes (Batista and Ciferri 1959; Sydow and Sydow 1917). Peltaster was 
considered a monotypic genus until Johnson et al. (1996) described P. fructicola Eric M. 
Johnson, T.B. Sutton & Hodges, which was isolated from the surface of apple (Malus × 
domestica) fruit in North Carolina. This widely distributed species is common on apples 
across the U.S. and Europe (Díaz Arias et al. 2010; Gleason et al. 2011).   
In 2014, P. cerophilus Jana Frank & Schroers was described on apple in Europe 
(Medjedović et al. 2014). It has less pigmentation in the center of the colony and lacks 
distinct borders around the pycnothyrial margins (Medjedović et al. 2014), whereas 
pycnothyria of P. fructicola have homogenous brown pigmentation and distinct margins 
(Johnson et al. 1996; Williamson et al. 2004). Morphological distinctions between P. 
fructicola and P. cerophilus were supported by phylogenetic analysis of the internal 
transcribed spacer region (ITS) and the partial nuclear small and large subunit ribosomal 
DNA genes, the partial translation elongation factor 1-α gene (TEF), and the partial 
mitochondrial small subunit rRNA gene (mrSSU) (Medjedović et al. 2014). Both species 
produce cylindrical, mostly unicellular, hyaline conidia on the side of hyphal cells, and 
the conidia also bud directly in a yeast-like manner (Johnson et al. 1996; Medjedović et 
al. 2014). Several studies reported that pycnothyria formation can be induced by culturing 
Peltaster spp. on amended nutrient media with surfaces that mimic the cuticle of apple 
fruit, such as parafilm, cellulose membrane, extracted apple wax or bleached bee wax 
(Batzer et al. 2010; Belding et al. 2000; Frank 2012; Johnson and Sutton 2000). The 
colony morphology produced on these surfaces is similar to that on apple (Batzer et al. 
2010).  
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The present study examined isolates collected during SBFS surveys in the USA 
(Batzer et al. 2005; Díaz Arias et al. 2010) that were tentatively placed in the genus 
Peltaster. Isolates were compared to those collected from apples in China and Europe 
(Batzer et al. 2015, 2016). A putative species that originated from the central USA 
exhibited morphological characteristics that differed from P. fructicola and P. cerophilus.  
Phylogenetic analyses using DNA sequences from multiple genes separated the new 
North American species from previously described Peltaster species.  
 
Materials and methods 
Isolates.—A preliminary parsimony analysis using PAUP version 4.0b10 was 
carried out on 140 putative isolates of Peltaster using the ITS region of the nuclear 
ribosomal DNA. Based on similarity of their sequences in the most parsimonious tree, 42 
representative isolates originating from punctate mycelial type colonies on apples were 
selected and stored at -80 C at Iowa State University (ISU) (TABLE 1). The 42 isolates 
were grown on potato dextrose agar (PDA; 39 g Difco™ PDA, 1 L distilled water) under 
intermittent ambient light and room temperature (23 to 25 C). Two-week-old cultures 
were used for most molecular and morphological observations. 
 
DNA isolation, amplification, and sequence analysis.—Fungal DNA was 
extracted using PrepMan® Ultra Sample Preparation Reagent (Applied Biosystems, 
Foster City, CA, USA) following the manufacturer instructions. The 50 µl polymerase 
chain reaction (PCR) mixture contained 4 mM MgCl2, 10 µl 10× Promega buffer, 0.2 
mM dNTPs, 0.75 µM of each primer, 1.25 units of Taq polymerase (Promega Corp., 
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Madison, WI, USA), and 2 µl of DNA template. The PCR thermal cycling conditions 
(Model PCT-100; MJ Research Inc., Waltham, MA, USA) and primers were as follows: 
TEF, EF1-728F (5′–CATCGAGAAGTTCGAGAAGG–3′)/EF1-986R (5′–
TACTTGAAGGAACCCTTACC–3′) (Carbone and Kohn 1999), initial denaturation at 
95 C for 5 min, 35 cycles of denaturation at 94 C for 65 s, annealing at 55 C for 30 s, and 
extension at 72 C for 45 s, followed by final extension at 72 C for 10 min; mrSSU, 
mrSSU1 (5′–AGCAGTGAGGAATATTGGTC–3′)/mrSSU3R (5′–
ATGTGGCACGTCTATAGCCC–3′) (Zoller et al 1999), initial denaturation at 95 C for 
1 min, 35 cycles of denaturation at 95 C for 1 min, annealing at 58 C for 40 s, and 
extension at 72 C for 3 min, followed by final extension at 72 C for 6 min; and ITS, 
ITS1-F (5′–CTTGGTCATTTAGAGGAAGTAA–3′)/1TS4 (5′–
TCCTCCGCTTATTGATATGC–3′) (White et al 1990), initial denaturation at 94 C for 
95 s, 35 cycles of denaturation at 94 C for 35 s, annealing at 52 C for 60 s, and extension 
at 72 C for 2 min. Amplification of the DNA was verified by running 6 µl of the PCR 
product in a 1% agarose gel (BioRad, Hercules, CA, USA) with 1× Tris-borate EDTA 
(TBE) at 150 V for 1.75 h. The gel was visualized by using an ultraviolet imaging system 
(Gel Doc™ XR+; Bio-Rad, USA). The PCR products were purified with Illustra GFX 
PCR DNA and Gel Band Purification Kit (GE Healthcare Bio-Sciences, Pittsburgh, PA, 
USA) and sequenced by the DNA Facility at Iowa State University using an Applied 
Biosystems DNA Analyzer (Model 3730xl; Life Technologies, Carlsbad, CA, USA) and 
the primer sets used for PCR. Sequences were edited manually using BioEdit (Hall 
1999). 
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Sequence alignment and phylogenetic analysis.—Separate phylogenetic analyses 
were conducted for each gene. BLAST searches were performed to obtain the nearest ITS 
sequences matches in the GenBank database (National Center for Biotechnical 
Information, Bethesda, MD, USA), and ITS sequences of SBFS fungi from other genera 
were also included [Stomiopeltis spp. (AY598880, AY598881), Schizothyrium pomi 
(AY598848), Zygophiala qianensis (KF806030), Uwebraunia dekkeri (AY725551), and 
U. communis (FJ515739)]. All sequences were aligned manually using BioEdit (Hall 
1999). The lengths of aligned sequences, including gaps, were 555 bp, 400 bp, and 1007 
bp for ITS, TEF and mrSSU, respectively. In all analyses, Capnodium coffeae was used 
as the outgroup taxon (GenBank accession numbers: AJ244239 (ITS), DQ471089 (TEF), 
FJ190609 (mrSSU)).  
Maximum parsimony (MP) analysis was performed with PAUP version 4.0b10. 
All characters had equal weight and gaps were treated as a fifth base. Heuristic searches 
were performed with random sequence addition and tree bisection-reconnection (TBR) 
branch-swapping algorithm. Bootstrap analysis of 1,000 replications was performed to 
assess the robustness of clades and internal branches in the most parsimonious tree. 
Bayesian analysis was performed using MrBayes 3.2.2 (Ronquist et al. 2012). A mixed 
model was used for nucleotide substitutions with gamma distribution as the model for 
rate variation among sites. Two independent MCMC analyses ran with four chain for 
5,000,000 generations, saving a tree every 1,000 generations. The first 1,000 trees were 
removed as burn-in before creating a consensus tree, which was viewed using FigTree 
version 1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/). The posterior probabilities (pp) 
values were paired with the bootstrap values to support the clades on trees generated from 
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MP analysis. The alignments and gene trees were deposited in TreeBASE (submission ID 
21318, www.treebase.org). 
 
Morphological characterization.—Colony morphology was observed on PDA 
and malt extract agar (MEA; 15 g Bacto™ malt extract, 20 g Bacto™ agar, 1 L distilled 
water). Plugs from working cultures were taken with a sterile #4 cork borer (0.6 cm 
diameter), transferred to each medium with four replicates per isolate, and incubated 
under intermittent ambient light at room temperature (23–25 C) for 1 month. To observe 
the yeast growth stage, spore suspensions were made by flooding the working culture 
with 2 ml sterile distilled water and using an inoculation loop to streak the spore 
suspension onto yeast malt extract (YMA; 3 g Bacto™ yeast extract, 3 g Bacto™ malt 
extract, 5 g Bacto™ peptone, 10 g dextrose, 20 g Bacto™ agar, 1 L distilled water), then 
incubating the YMA plates under intermittent ambient light at room temperature for one 
week. Colonies were visualized using a zoom stereo microscope (SZ-ST Olympus, model 
LMS-225R, Leeds Precision Instruments Inc., Minneapolis, MN, USA). Color 
descriptions were determined according to Ridgway (1912). To assess the growth 
diameter of the 42 isolates, plugs from a #4 cork borer were collected from working 
cultures and placed mycelium side down on three MEA plates (100 × 15 mm), three 
plugs per plate, and incubated in the dark for 1 month at 10, 25 or 35 C. Colony diameter 
was recorded as the mean of two perpendicular colony measurements. 
To assess the size and shape of conidia and conidiogenous cells, isolates were 
grown on synthetic nutrient agar (SNA; 1 g KH2PO4, 1 g KNO3, 0.5 g MgSO4.7H2O, 0.2 
g dextrose, 0.2 g sucrose, 20 g Bacto™ agar, 1 L distilled water) under intermittent 
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ambient light at room temperature for two weeks (Crous et al. 2009). Sterile cover slips 
were placed on the media prior to inoculation; spore suspensions were made from the 
working culture as previously described, then the suspension was spread using a 
micropipette around the edge of the cover slips. After two weeks, the cover slips were 
removed and mounted in lactic acid. This method ensured that new growth covered the 
edge of the cover slip and facilitated microscopic observation. Wherever possible, 30 
measurements of spore and conidiophore dimensions were determined, with the 
minimum and maximum dimensions in parentheses. 
Observation of colony morphology on cellulose membrane was conducted 
following the protocol Batzer et al. (2010) with some modification. Apple juice agar 
(AJA; 0.5% filter-sterilized Gerber™ apple juice, 20 g Bacto™ agar, 1 L distilled water) 
was used to approximate sugar concentration on the cuticle of ripe apple fruit (Wrona 
2004). Cellulose membranes (12–14 kDa Spectra/PorRC, Spectrum Labs, Rancho 
Domingues, CA, USA) were cut into 3 × 3 cm pieces and rinsed three times in boiling 
deionized water and autoclaved. Four pieces were placed on the surface of one-day-old 
AJA, and a drop of spore suspension (five conidia/10 μl) was placed on the center of each 
piece of cellulose membrane. Pycnothyria that developed after incubation under the light 
at 25 C for one month were imaged using a Zeiss AxioZoom V.16 system. Longitudinal 
sections (8 µm thickness) of the pycnothyria on the cellulose membrane were prepared 
using a Leica CM 1850 (Leica Biosystems, Buffalo Grove, IL, USA) cryostat with 
Tissue-Tek® 4583 O.C.T. ™ at -25 C. The sections were then mounted in Lerner Aqua-
Mount® on a microscope slide with a cover slip before they were microscopically 
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observed (Olympus BX-40 microscope with a Zeiss HRC AxioCam and AxioVision 
software, Olympus, Melville, NY, USA). 
For electron microscopy, cultures on SNA that were grown for two weeks under 
intermittent ambient light at room temperature were fixed with 2% paraformaldehyde and 
2% glutaraldehyde in cacodylate buffer (0.1M) at pH 7.2 for at least 1 h at 4 C. After 
fixation, samples were rinsed three times (for 15 min each time) in cacodylate buffer 
(0.1M), then post-fixed in 1% osmium tetroxide in cacodylate buffer (0.1M) for 1 h. 
After several washes with deionized water, samples were dehydrated through graded 
ethanol series (25, 50, 70, 85, 95, and 100%), with two changes every 15 min, at each 
ethanol series. Samples were critical point dried using a drying apparatus (Model DCP-1, 
Denton Vacuum, Moorestown, NJ, USA). Dried samples were mounted on aluminum 
stubs with double-sided tape and colloidal silver paint, and the samples were sputter 
coated with palladium using a Cressington HR208 Sputter Coater 
(http://www.cressington.com/product_208hr.html). Images were captured using Hitachi 
SU-4800 field emission scanning electron microscope at 10 kV (http://www.hitachi-
hightech.com/global/products/science/appli/em/fe-sem/).  
 
Results 
Phylogenetic analysis.—In general, the ITS, TEF and mrSSU genes delineated 
three Peltaster spp.: P. fructicola, P. cerophilus and an undescribed species. Branches 
delineating these taxa had >80% bootstrap support and >0.80 support from Bayesian 
analyses (FIGS. 1–3). The phylogenetic tree of the ITS region exhibited two major clades 
that separated the new species from P. fructicola and P. cerophilus (FIG. 1). One clade 
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grouped the new species with Peltaster sp. Ch8, an undescribed Chinese species, with 
strong (100% and 0.91) support, whereas P. fructicola and P. cerophilus grouped 
together with lower bootstrap support (<80%) but strong support from Bayesian analysis 
(1.0). Sequences of 23 isolates grouped together with strong (100% and 1.0) support with 
other P. fructicola isolates from previous studies: JX961611 and JX961608 (Chen et al. 
2013), FJ438382 (Díaz Arias et al. 2010), and JN573669 (Medjedović et al. 2014). A 
German isolate, Peltaster sp. 65rap, was delineated from other Peltaster clades with 
100% and 0.89 support (FIG. 1). A Spanish isolate, SP1-55E1b, grouped strongly with 
isolates of P. cerophilus from Slovenia (KF646817, KF646818, JN573679, and 
JN573673) (Medjedović et al. 2014), Germany (KP400558) (Batzer et al. 2016), Norway 
(KJ719567) (Batzer et al. 2015), and Poland (HQ386245) (Mirzwa-Mróz and Winska-
Krysiak 2011) with 100% and 1.0 support.  
The grouping of putative species in the TEF (FIG. 2) and mrSSU (FIG. 3) gene 
trees generally matched that in the ITS rDNA tree. The exceptions were that SP1-55E1d 
grouped with the new species and Chinese isolates in the mrSSU gene tree (FIG. 3) with 
strong support (100% and 0.81), whereas the Spanish isolate SP1-55E1d grouped with 
the P. fructicola clade in the ITS and TEF gene trees.  
 
TAXONOMY 
Peltaster gemmifer H. Rosli & J.C. Batzer, sp. nov.    FIGS. 5, 6 
MycoBank (MB 822434) 
Typification: USA. ILLINOIS: Grown on surface of cellulose membrane, 27 
March 2017, H. Rosli GTE5a (holotype BP1 910526). Ex-type culture CBS 142876. 
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Apple fruit, October 2000, M. L. Gleason. GenBank accessions: ITS = MF075291; TEF 
= MF034740; mrSSU = MF075287. 
Etymology: Gemmi (Latin), bud, referring to the budding of secondary conidia 
from primary conidia observed in culture. 
Description: Growth on cellulose membrane showing mycelial mat with network 
of branched hyphae with conidia clustered along the hyphae. Pycnothyria embedded in 
mycelium, darkly pigmented, variable in size, ranging from 20-100 μm long in top view 
and 15-20 μm width in side view. Conidiogenous cells and conidia inside pycnothyria. 
Conidia unicellular, cylindrical, (2.5–)3.0–6.0(–8.0) × 1.5–4.0 μm. 
On PDA, colonies circular with smooth edge, wrinkled surface, slightly raised, 
dark greenish olive. On MEA, colonies circular with filamentous edge, smooth with 
sparse cottony surface and appressed, dark grayish olive to olivaceous black. Reverse 
homogenously black on both PDA and MEA. On YMA, yeast growth grayish olive; the 
edge of the colony filamentous after two weeks. Colony diameter after 1 month 
0.82±0.03 cm at 10 C, 1.50±0.05 cm at 25 C, and no growth at 35 C. Growth on SNA 
initially slimy due to the yeast growth, later with mycelium immersed in agar. Hyphae 
initially hyaline but brown in older cultures.  
Branching conidiophores (8.0–)19.0–45.0(–78.0) × 1.0–1.5 μm producing 
primary conidia (6.0–)7.0–9.0(–11.0) × 2.5–3.0 μm, later producing secondary conidia 
through budding or primary conidia germinating into short hyphae before producing 
secondary conidia in microcyclic conidiation. Secondary conidia (3.5–)4.5–5.5(–6.0) × 
1.5–2.0 μm hyaline, unicellular, cylindrical to obovate. 
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Other cultures examined: USA. ILLINOIS: isolated from apple infected SBFS, 
October 2000, M. L. Gleason, GTE9a; isolated from apple infected SBFS, October 2000, 
M. Babadoost, UIE11b. KENTUCKY: apple infected SBFS, October 2005, J, R. 
Hartman, KY1-1.1E1b; apple infected SBFS, October 2005, J, R. Hartman, KY1-1.2E2c; 
apple infected SBFS, October 2005, J, R. Hartman, KY2-16E1b. 
Distribution: Illinois, Kentucky, Missouri and Virginia, USA. 
 Habitat: Surface of mature apple (Malus × domestica) fruit, causing darkly 
pigmented, punctate colonies. 
 The most distinctive features of P. gemmifer are the presence of conidiophores 
bearing primary conidia, which have not been seen in either P. fructicola or P. 
cerophilus. Primary conidia in P. gemmifer were observed to either bud to form 
secondary conidia or undergo microcyclic conidiation. Conidia of P. fructicola and P. 
cerophilus are produced from intercalary conidiogenous loci (Johnson et al 1996). The 
pycnothyria of P. fructicola and P. cerophilus produced on the apple differ (Medjedović 
et al. 2014) in that there is less brown pigmentation in the center and absence of 
pycnothyria margin in P. cerophilus. Peltaster cerophilus is widely distributed in Europe 
(Medjedović et al. 2014) whereas P. fructicola and P. gemmifer were first isolated and 
described in the USA. However, P. fructicola was later found in China (Chen et al. 2013) 
and Slovenia (Medjedović et al. 2014). An undescribed taxon closely related to P. 
gemmifer occurs in China based on DNA sequence analyses (FIGS. 1–3). A description 
of P. fructicola based on strain Pf001 from North Carolina is presented below for 
comparison. 
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Peltaster fructicola Eric M. Johnson, T. B. Sutton and Hodges, Mycologia 88:120. 1996. 
FIG. 4. 
MycoBank MB434481. 
Description: Growth on cellulose membrane showing mycelial mat with brown-
pigmented hyphae with pycnothyria. Pcynothyria darkly pigmented, scattered 15 to 
20/mm2 and variable in size, ranging from 20-60 μm length in top view and 15–20 μm in 
cross section. Conidiogenous cells and conidia packed into pycnothyria in a shield-like 
conformation. Conidia produced from pcynothyria unicellular, cylindrical, (2.5–)3.0–
3.5(–4.0) × 1.5–2.0 μm. 
On PDA, colonies circular with a smooth edge, wrinkled surface, olive-gray. On 
MEA, colonies irregular with a smooth edge. Colonies sparse, cottony, olive-gray with 
olivaceous black glistening edges where the mycelium is immersed in agar. Reverse 
homogenously black on both PDA and MEA. Growth diameter after 1 month: 0.81±0.02 
cm at 10 C, 1.99±0.02 cm at 25 C, and no growth observed at 35 C. No yeast growth 
observed on YMA and SNA. 
Branched hyphae with conidia from a single fertile locus on the side of hyphal 
cells. Conidia hyaline, unicellular, cylindrical, (4.0–)4.5–5.5(–6.5) × 2.0–2.5 μm. 
Culture examined: USA. NORTH CAROLINA: Apple fruit, October 1992, T. B. 
Sutton Pf001 (obtained from Dr. Sutton, confirmed to be P. fructicola). 
Distribution: Europe, China and USA. 
 Habitat: Surface of mature apple (Malus × domestica) fruit. 
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Discussion 
Peltaster gemmifer shows notable morphological and phylogenetic characters that 
distinguish it from the previously described P. fructicola and P. cerophilus. Peltaster 
cerophilus colonies on SNA are very similar to P. fructicola, but the pycnothyria 
produced on apple fruit by P. cerophilus are more homogenously pigmented, whereas P. 
fructicola produces pycnothyria that are more heterogeneous and have a well-defined 
margin (Medjedović et al. 2014). Peltaster gemmifer on SNA produces conidiophores 
bearing primary conidia that can bud directly or can indirectly form conidia through 
microcyclic conidiation, which has not been reported previously in Peltaster (Johnson et 
al. 1996; Medjedović et al. 2014). However, conidiophores are not uncommon among 
SBFS taxa; other SBFS species such as Devriesia spp. and Zygophiala spp. have 
conidiophores (Gao et al. 2014; Li et al. 2013; Mayfield et al. 2013). Short or reduced 
conidiophores were also documented in the SBFS taxa Cyphellophora spp., 
Microcyclospora tardicrescens, Microcyclosporella mali, and Scleroramularia abundans 
(Frank et al. 2010; Gao et al. 2015; Mayfield et al. 2013).  
Johnson et al. (1996) reported that some conidia of P. fructicola may arise from 
budding in a yeast-like manner in culture without conidiophore formation. Johnson and 
Sutton (2000) also inoculated P. fructicola onto Parafilm strips and observed that conidia 
were produced primarily by budding instead of from fertile loci, as previously reported 
by Johnson et al. (1996). It is possible that some of their isolates were P. gemmifer, rather 
than P. fructicola.  
The budding phenomenon has been confirmed for P. gemmifer only in vitro and 
not in the field, so the epidemiological significance of this manner of conidial production 
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is uncertain. However, it was suggested that the ability to produce conidia through 
budding in Peltaster fructicola sensu lato could be the source of secondary inoculum for 
further spread of SBFS in the field (Batzer et al. 2012; Johnson et al. 1997).  
The microcyclic conidiation (conidiation following conidial germination, without 
production of hyphae, Smith et al. 1981) that was observed in the present study was also 
reported in P. cerophilus on older SNA cultures, but no illustrations were included 
(Medjedović et al. 2014). However, illustrations of microcyclic conidiation in other SBFS 
genera (e.g., Microcyclospora and Microcyclosporella Frank et al. 2010) show that 
microcyclic conidiation is not uncommon among SBFS taxa. Microcyclic conidiation 
also has been observed in non-SBFS fungi (Bacon and Hinton 1991; Fernandez et al. 
1991; Zhang et al. 2010), either on plant hosts (Pintye et al. 2011; Leandro et al. 2001) or 
when the fungi were subjected to environmental stress (Jung et al. 2014; Lapaire and 
Dunkle 2003). 
Formation of pycnothyria by P. gemmifer on cellulose membrane supported 
previous findings that pycnothyria can be induced in vitro. Waxy substrates such as 
extracted apple wax and bleached bee wax enhance production of pycnothyria in culture 
(Frank 2012; Medjedović et al. 2014). Batzer et al. (2010) also suggested that placing 
cellulose membrane on agar media amended with apple juice mimics the surface 
condition of apple fruit. The presence of pycnothyria production has not been observed 
frequently in culture, but Medjedović et al. (2014) reported that Peltaster sp. 65rap 
produced pycnidia with conidia on older SNA cultures. 
Phylogenetic analyses generated three gene trees with the consensus that P. 
gemmifer grouped separately from P. fructicola and P. cerophilus. The close relatedness 
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of P. fructicola and P. cerophilus observed in the present study was also noted by the 
phylogenetic analyses of Medjedović et al. (2014). In our analyses, P. gemmifer was 
more closely related to eight Peltaster isolates from China than to P. fructicola. Further 
studies focusing on these isolates from China are needed to conclude that the genetic 
differences between these isolates and P. gemmifer are more than just biogeographical 
differences. Subgroupings among P. gemmifer isolates observed in ITS and TEF gene 
trees could represent either intraspecific or interspecific differences. Sub-specific 
groupings in phylogenetic trees corresponding to differences in sensitivity toward certain 
fungicides have not been observed in the SBFS complex but have been documented in 
Colletotrichum gloeosporioides and Botrytis species (Chung et al. 2006; Leroch et al. 
2013). 
Understanding the biology of P. gemmifer provides a step towards devising more 
efficient management tactics to control SBFS in the field. The evidence found in this 
study suggests than that new SBFS species remain to be discovered.  
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Table 1. Representative isolates and sequences of Peltaster species used in phylogenetic analyses 
Species Isolate Origin Collection details GenBank accession number1 
        ITS TEF mrSSU 
P. fructicola 107rap Germany S. Kern, Nov 1998 JN573669 
  
 
Pf017 North Carolina, USA T.B. Sutton, Oct 1990 
   
 
Pf009 North Carolina, USA T.B. Sutton, Oct 1991 
   
 
Pf001 North Carolina, USA T.B. Sutton, Oct 1992 MF075296 MF034738 MF075289 
 
KY1-12.2E2b Kentucky, USA J.R. Hartman, Oct 2005 FJ438382 
  
 
KY3-13E1b Kentucky, USA J.R. Hartman, Oct 2005 
  
MF075286 
 
GA2-5E1b Georgia, USA M.J. Wheeler, Oct 2005 
   
 
GA3-9E2c Georgia, USA M.J. Wheeler, Oct 2005 
  
  
 
GA3-12E1b Georgia, USA M.J. Wheeler, Oct 2005 MF075290 
  
 
GA3-9E1b Georgia, USA M.J. Wheeler, Oct 2005 
   
 
MA1-8E2d Massachusetts, USA D.R. Cooley, Oct 2005 
   
 
MA1-22E1a Massachusetts, USA D.R. Cooley, Oct 2005 
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Table 1. Continued 
Species Isolate Origin Collection details GenBank accession number1 
        ITS TEF mrSSU 
 
MA2-7.5C1a Massachusetts, USA D.R. Cooley, Oct 2005 
   
 
MA5-9.2C2d Massachusetts, USA D.R. Cooley, Oct 2005 MF075294 
  
 
MI2-12E7b Michigan, USA G.W. Sundin, Oct 2005 
   
 
MI2-12E4a Michigan, USA G.W. Sundin, Oct 2005 MF075295 
  
 
MI2-38E1b Michigan, USA G.W. Sundin, Oct 2005 
   
 
SRB-91 Serbia M.M. Ivanović, Sept 2007 FJ808756 
  
 
SRB-92 Serbia M.M. Ivanović, Sept 2007 FJ808757 MF034741 
 
 
SRB-93 Serbia M.M. Ivanović, Sept 2007 
   
 
MSTE1a Wisconsin, USA M.L. Gleason, Oct 2000 AY598887 
  
 
MSTE7a Wisconsin, USA M.L. Gleason, Oct 2000 
   
 
UIE6a Illinois, USA M. Babadoost, Oct 2000 
   
 
UME5a Missouri, USA M.L. Gleason, Oct 2000 MF075298 
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Table 1. Continued 
Species Isolate Origin Collection details GenBank accession number1 
        ITS TEF mrSSU 
 
T26E2b Turkey A. Karakaya, Sept 2008 MF075297 
  
 
VA1-7E1a Virginia, USA K.S. Yoder, Oct 2005 MF075299 
  
P. cerophilus SP1-55E1d Spain M.M. Prado, Oct 2010 MF075300 
  
P. gemmifer GTE5a Illinois, USA M.L. Gleason, Oct 2000 MF075291 MF034740 MF075287 
 
GTE9a Illinois, USA M.L. Gleason, Oct 2000 KF646814 
 
KF550946 
 
KY1-1.1E1b Kentucky, USA J.R. Hartman, Oct 2005 
   
 
KY1-1.2E2c Kentucky, USA J.R. Hartman, Oct 2005 
   
 
KY2-16E1b Kentucky, USA J.R. Hartman, Oct 2005 FJ438383 
  
 
UIE11b Illinois, USA M. Babadoost, Oct 2000 AY598890 
 
KF550945 
Peltaster sp. Ch8 LHY-haw-5 China G. Sun 
   
 
LHY-haw-6 China G. Sun 
   
 
LHY-haw-21 China G. Sun 
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Table 1. Continued 
Species Isolate Origin Collection details GenBank accession number1 
        ITS TEF mrSSU 
 
LHY-HNZz-25 China G. Sun MF075292 MF034739 MF075288 
 
LHY-lq-1 China G. Sun 
   
 
LHY-lq-3 China G. Sun 
   
 
LHY-yc-18.1 China G. Sun 
   
 
LHY-yc-20 China G. Sun MF075293 
  
Peltaster sp. 65rap 65rap Germany S. Kern, Nov 1997 JN573668   KF550947 
1Accession numbers in Italics were previously available from GenBank. 
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Figure 1. One of 20 most parsimonious trees of ITS sequences of Peltaster species. The 
first number shown at a node represents bootstrap values (values >80% are shown) and the 
second number represents posterior probability from Bayesian analysis (values >0.80 are 
shown). Total tree length = 970; retention index = 0.9254; consistency index = 0.6598; 
rescaled consistency index = 0.6106; 294 parsimony informative characters. Accession 
numbers in Italics were obtained from GenBank. The two letters in Bold represent 
countries of origin (ES-Spain, CN-China, DE-Germany, NO-Norway, PL-Poland, RS-
Serbia, SI-Slovenia, TR-Turkey, US-USA). The species name indicated in parentheses or 
in the grouping name. The tree is rooted to Capnodium coffeae. 
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Figure 2. One of six most parsimonious trees of TEF sequences of Peltaster species. 
The first number shown at a node represents bootstrap values (values >80% are shown) 
and the second number represents posterior probability from Bayesian analysis (values 
>0.80 are shown). Total tree length = 753; retention index = 0.9409; consistency index 
= 0.7995; rescaled consistency index = 0.9409; 240 parsimony informative characters. 
Paired letters in bold represent countries of origin (ES-Spain, CN-China, DE-Germany, 
RS-Serbia, TR-Turkey, US-USA). The tree is rooted to Capnodium coffeae. 
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Figure 3. The most parsimonious trees of the mrSSU sequences of Peltaster species. The 
first number shown at a node represents bootstrap values (values >80% are shown) and 
the second number represents posterior probability from Bayesian analysis (values >0.80 
are shown). Total tree length = 646; retention index = 0.9842; consistency index = 
0.9319; rescaled consistency index = 0.9172; 222 parsimony informative characters. 
Paired two letters in bold represent countries of origin (ES-Spain, CN-China, DE-
Germany, RS-Serbia, TR-Turkey, US-USA). The tree is rooted to Capnodium coffeae. 
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Figure 4. Peltaster fructicola, isolate Pf001. A–D. Arrows showing conidia produced 
from a short stub without the presence of a conidiophore. Bars: A–D = 10 µm. 
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Figure 5. Peltaster gemmifer, isolate GTE5a. A. Colony appearance on 
PDA after 1 month. B, C. Single or branching conidiophores. D–F. Primary 
conidia at the tip of conidiophore (line shows length of conidiophore) and 
clustering secondary conidia. G–I. Primary conidia producing secondary 
conidia by budding. J–M. Primary conidia undergoing microcyclic 
conidiation producing secondary conidia. Bars: B–E, G, J–L = 10 μm; F, 
H–I, M = 5 μm. 
Figure 5. Peltaster gemmifer, isolate GTE5a. A. Colony appearance on PDA after 1 month. 
B, C. Single or branching conidiophores. D–F. Primary conidia at the tip of conidiophore (line 
shows length of conidiophore) and clustering secondary conidia. G–I. Primary conidia 
producing secondary conidia by budding. J–M. Primary conidia undergoing microcyclic 
conidiation producing secondary conidia. Bars: B–E, G, J–L = 10 μm; F, H–I, M = 5 μm. 
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Figure 6. Pycnothyria of Peltaster gemmifer isolate GTE5a produced on cellulose membrane 
placed on water agar amended with 0.5% apple juice. A. Pycnothyria on cellulose membrane. 
B–D. Longitudinal sections of pycnothyria filled with conidia (arrow). E. Conidia emerging 
from crushed pycnothyrium. Bars: A = 0.5 mm; B–C, 50 μm; D–E = 10 μm. 
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Abstract 
A warning system for the sooty blotch and flyspeck (SBFS) fungal disease 
complex of apple, developed originally for use in the southeastern United States, was 
modified to provide more reliable assessment of SBFS risk in Iowa. Modeling results 
based on previous research in Iowa and Wisconsin had suggested replacing leaf wetness 
duration with cumulative hours of relative humidity (RH) ≥97% as the weather input to 
the SBFS warning system. The purpose of the present study was to evaluate the 
performance of a RH-based SBFS warning system, and to assess the potential economic 
benefits for its use in Iowa. The warning system was evaluated in two separate sets of 
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trials - Trial 1 during 2010 and 2011, and Trial 2 during 2013-2015 - using action 
thresholds based on cumulative hours of RH ≥97% and ≥90%, respectively, in 
conjunction with two different fungicide regimes. The warning system was compared to a 
traditional calendar-based system that specified spraying at predetermined intervals of 10 
to 14 days. In Trial 1, use of the RH ≥97% threshold caused substantial differences 
between two RH sensors in recording number of hours exceeding the threshold. When 
both RH thresholds were compared for 2013-2015, on average, RH ≥90% resulted in a 
53% reduction in variation of cumulative hours between two identical RH sensors placed 
adjacent to each other in an apple tree canopy. Although both the SBFS warning system 
and the calendar-based system resulted in equivalent control of SBFS, the warning 
system required fewer fungicide sprays than the calendar-based system, with an average 
of 3.8 sprays per season (min = 2; max = 5) vs. 6.4 sprays per season (min = 5; max = 8), 
respectively. The two fungicide regimes provided equivalent SBFS control when used in 
conjunction with the warning system. A partial budget analysis showed that using the 
SBFS warning system with a threshold of RH ≥90% was cost effective for orchard sizes 
of >1 hectare. The revised warning system has potential to become a valuable decision 
support tool for Midwest apple growers because it reduces fungicide costs while 
protecting apples as effectively as a calendar-based spray schedule. The next step toward 
implementation of the SBFS warning system in the North Central U.S. should be multi-
year field testing in commercial orchards throughout the region. 
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Introduction 
Sooty blotch and flyspeck (SBFS) is a fungal disease complex that affects apple, 
pear, and several other tree fruit crops in moist growing regions worldwide (Gleason et 
al. 2011, Williamson and Sutton 2000). The SBFS infections are superficial black 
blemishes or clusters of tiny dots on the fruit surface. Economic losses on apple, in 
particular, can be severe when SBFS-blemished fruit are downgraded from fresh market 
to processing use (Gleason et al. 2011; Williamson and Sutton 2000).  
In U.S. apple orchards, the prevailing management strategy against SBFS is 
application of fungicide sprays at intervals of 7 to 14 days during the fruit maturation 
period. This preventive program, which does not explicitly gauge the level of weather-
related risk posed by SBFS, generally provides consistent control of SBFS but can result 
in over-application of fungicides and exacerbate human health risks from exposure to 
certain fungicides (Capriglione et al. 2011; Li et al. 2009). Consequently, weather-based 
warning systems were developed to help growers to achieve SBFS control more cost-
effectively and with less health risk.  
The first SBFS warning system, developed for apple growers in the southeastern 
U.S. (North Carolina and Kentucky), based timing of the second-cover fungicide spray 
on cumulative hours of leaf wetness duration (LWD) after the first-cover spray (Brown 
and Sutton 1995; Hartman 1995). This Brown-Sutton-Hartman warning system enabled 
growers in that region to save an average of two to three fungicide sprays per summer 
without compromising control of SBFS. However, when this system was trialed with 
commercial apple growers in the Upper Midwest U.S. (Illinois, Iowa, and Wisconsin), 
high incidence of SBFS blemishes on fruit occurred in 12 of 28 site-years, which was 
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unacceptable to the growers (Babadoost et al. 2004). Spolti et al. (2011) later validated 
the Brown-Sutton-Hartman system for three years in Brazil. The 2006-2008 studies found 
that the system was able to save some fungicide sprays and worked equally well with the 
conventional calendar-based system in controlling SBFS. In an attempt to recalibrate the 
Brown-Sutton-Hartman warning system for use in the Upper Midwest, Duttweiler and 
co-workers (2008) assessed ability of measurements of several weather variables to 
predict the timing of first appearance of SBFS colonies on apples. Based on assessment 
of 19 site-years of field work by receiver operating characteristic curve analysis, they 
concluded that cumulative hours of relative humidity (RH) ≥97% was a more accurate 
predictor than cumulative LWD in predicting the first appearance of SBFS in Iowa and 
Wisconsin. However, this Gleason-Duttweiler warning system requires evaluation of its 
performance in Upper Midwest orchards before any recommendation for system adoption 
can be made. The objective of the present study was to evaluate the performance of a 
RH-based warning system for SBFS, and to assess the economic benefits of the proposed 
warning system. We also compared efficacy of conventional and reduced-risk fungicides 
when used in conjunction with the warning system. 
 
Materials and methods 
Field site. Two separate trials were conducted during 2010 to 2011 (Trial 1) and 
2013 to 2015 (Trial 2) at the Iowa State University Horticulture Research Station 
(ISUHRS; 42°06'23.8''N, 93°35'23.3''W). The 0.52-ha apple orchard, planted in 1989, 
incorporated randomly arranged five-tree subplots of cvs. Golden Delicious, Red 
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Delicious, Jonathan, and McIntosh on M7 rootstock. Spacing was 3.7 m between rows 
and 7.6 m within rows (Supplementary Figure S1). 
RH threshold. Two RH thresholds were evaluated. Trial 1 assessed the SBFS 
warning system proposed by Duttweiler et al. (2008), which delayed application of the 
second-cover fungicide spray until 192 cumulative hours of RH ≥97% had elapsed since 
the first-cover spray. Once the second-cover spray had been applied, subsequent 
fungicide sprays were timed according to a calendar-based system (Brown and Sutton 
1995; Hartman 1995; Babadoost et al. 2004). Based on findings from Trial 1 (Table 1; 
discussed in Results), the experimental design was modified for Trial 2 (2013-2015). The 
threshold criterion used in the SBFS warning system was changed from cumulative hours 
of RH ≥97% to cumulative hours of RH ≥90% because, field data obtained during Trial 1 
from paired sensors indicated that variability between sensors in recording hours of RH 
was reduced by approximately 55% if the threshold was reduced from 97% to 90% 
(Mayfield 2013). Furthermore, the specification of the RH sensor provided by the 
manufacturer stated that accuracy was ±3% for RH ranging from 10 to 90% and ±5% for 
RH outside that range (www.specmeters.com). Decreasing sensor-to-sensor variability 
was judged to be important in assuring reliable performance of the warning system. 
Based on analysis of field data from paired RH sensors in the ISUHRS orchard during the 
2011 growing season (Mayfield 2013), the number of hours of RH ≥90% required to 
trigger the second-cover fungicide spray in the warning system was set at 385. Relative 
humidity measurements for both trials were made hourly by two WatchDog A-Series 
weather monitors (WatchDog Model A150 Temp/RH Logger, Spectrum Technologies, 
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Plainfield, IL, USA) that were positioned adjacent to each other within a tree canopy in 
the center of the test plot at 1.5-m height (Duttweiler et al. 2008). 
Treatments. The experimental design for Trial 1 included five treatments (Table 
1). Three treatments used the warning system in conjunction with different fungicide 
regimes: trifloxystrobin (Flint®), a premix of pyraclostrobin and boscalid (Pristine®), and 
traditional summer fungicides (Captan plus thiophanate-methyl (Topsin® M 4.5FL)). The 
fourth treatment was a calendar-based control that specified applying Captan and Topsin® 
M every 10 to 14 days from first-cover until 1 week before harvest, whereas the fifth 
treatment was an unsprayed control treatment (no fungicide sprays after first-cover). In 
the warning system treatments, the reduced-risk fungicides Flint® and Pristine® were 
used only for first- and second-cover sprays; the combination of Captan plus Topsin® M 
was used for the subsequent sprays at 10- to 14-day intervals until harvest. According to 
the U.S. EPA, reduced-risk fungicides pose less risk to human health and the 
environment compared to conventional fungicides (www.epa.gov). Subplots, each 
consisting of five adjacent trees of the same cultivar (Golden Delicious, Red Delicious, 
Jonathan, or McIntosh), were arranged in a completely randomized design, with five 
replications (subplots) of each treatment per cultivar. For Trial 2, we modified the 
treatments, evaluating both warning system and calendar-based system with the same 
fungicide regimes. Four treatments incorporated combinations of two spray timing 
treatments (the modified SBFS warning system and the calendar-based system) and two 
fungicide regimes (one using Captan plus Topsin® M and the other using Captan plus 
either Flint® or potassium phosphite (Prophyt®)) (Table 2). A fifth (control) treatment 
received no fungicide sprays after first-cover was included as the fifth treatment. The five 
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treatments were randomly assigned within the cultivars, with each treatment replicated in 
five to six subplots. To control non-target diseases such as apple scab (Venturia 
inaequalis) and rusts (Gymnosporangium spp.), all treatments in both Trial 1 and 2 were 
sprayed with a tank mix of mycobutanil (Rally® 40 WSP) and fenarimol (Rubigan®) from 
green tip through petal fall, and a tank mix of Topsin® M plus Captan was used as the 
first-cover spray. All fungicide spray treatments were ended when the first apple cultivar 
was harvested. All pesticides were applied using an air blast sprayer (John Bean Redline 
Model 328 Air Sprayers, LaGrange, GA) at 2068 kPa. 
Data collection and analysis: At the end of growing season on both Trial 1 and 
Trial 2, 50 apples per tree were sampled arbitrarily at harvest from the center three trees 
of each subplot, including 25 apples from the top half of the canopy and 25 from the 
bottom half of the canopy of each tree. Incidence of SBFS (% apples with visible 
colonies) was calculated for each tree, then log-transformed (natural log) to reduce the 
unequal variation observed in the original data. We considered a generalized linear mixed 
model for binomial data. There was substantial overdispersion and the amount of 
overdispersion on the logit link scale differed among treatments. The log transformation 
did a better job of controlling unequal variation than logit transformation. For Trial 2 data 
analysis, in addition to SBFS incidence data, percent marketable apples (arbitrarily 
defined as apples with <2% surface coverage by SBFS colonies) was also determined by 
using a standard area diagram of SBFS colonization (Batzer et al. 2002). PROC 
GLIMMIX (SAS Inc., Durham, NC) was used with treatment and cultivar as the fixed 
effects. The subplot identifier (replicate × treatment × cultivar) was included as a random 
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effect. Least Squares Means (LSM) was used to assess significance of differences among 
treatments. 
Economic analysis. We used data from Trial 2 to conduct a partial budget 
analysis (Calkins and Dipietre 1983) to assess the cost and economic efficiency of the 
warning system relative to the conventional calendar-based system, incorporating the cost 
of both the weather monitoring equipment and its operation (Table 5, discussed in 
Results). In this analysis, we used an “equivalent annual cost” (EAC) approach to convert 
the one-time purchase cost of the devices used for RH monitoring to the annual cost of 
owning, operating, and maintaining this system for a 3-year life expectancy (Table 3). 
We also simulated the total cost for orchards of different sizes ranging from 1 to 50 
hectares, and assumed that for orchard sizes >5 hectares, four RH sensors rather than two 
would be required. We assessed the economic efficiency of the warning system in SBFS 
management using two measures: average cost ratio and relative cost-efficiency ratio 
(Tan-Torres Edejer et al. 2003; Polasky et al. 2011) (Table 3). The average annual cost 
ratio was constructed by averaging the cost of the warning system using conventional 
fungicides with that using reduced-risk fungicides, then dividing this average cost by a 
calculated average cost across the two calendar-based system treatments during the same 
growing season. A cost ratio <1 would suggest that for a particular size of orchard, the 
warning system on average had a lower cost than the calendar-based system. A cost-
efficiency ratio expresses the average increase in the percentage of marketable apples for 
an additional dollar increase in the per-hectare production cost. We constructed a relative 
cost-efficiency ratio to compare the warning system to the calendar-based system for 
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each year. A ratio >1 indicated that the warning system had better economic performance 
(lower cost to produce the same marketable apple) than the calendar-based system. 
 
Results 
RH threshold. Using the SBFS warning system with the RH ≥97% threshold 
resulted in three and two fewer fungicide sprays in 2010 and 2011, respectively (Table 1), 
with SBFS control equivalent to that from using the calendar-based spray timing 
treatment. Used in conjunction with either the warning system or the calendar-based 
system, both Flint® and Pristine® provided SBFS control equivalent to that provided by 
Captan and Topsin® M. In 2013-2015 (Trial 2), using the warning system with the RH 
>90% threshold resulted in control SBFS as effectively as the calendar-based system; the 
number of sprays saved per year ranged from one in 2014 and two in 2015 - both 
exceptionally wet years - to five in the exceptionally dry year of 2013 (Tables 2 and 4). 
On average, the timing of occurrence of RH >90% thresholds recorded by the two paired 
sensors differed by 10.2 hours; the smaller differences occurred in 2014 and 2015 with 1 
and 1.5 hours, respectively. When the RH >97% threshold was evaluated using the Trial 
2 RH data, we found that on overage, the two paired sensors were 21.8 cumulative hours 
apart in reaching the threshold; the largest difference occurred in in 2014 with 44.3 
cumulative hours difference (Rosli, unpublished data). We also used the Trial 2 data to 
assess how the SBFS warning system performance would differ if the RH >97% 
threshold was used instead of RH >90% threshold; the RH >97% threshold was reached 
earlier than the RH >90% threshold by 27 days in 2013, 10 days in 2014, and 9 days in 
2015 (Table 4). 
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SBFS suppression. Incidence of SBFS for both Trials 1 and 2 varied among 
years depending on prevailing weather patterns. Overall, SBFS was highest for the no-
spray control treatment (Supplementary Tables S1 and S2). The log SBFS incidence did 
not differ significantly between warning-system and calendar-based treatments in either 
Trial 1 (Table 1) or Trial 2 (Table 2). When the no-spray control treatment was included 
in the analysis, SBFS incidence was significantly different among treatments except in 
the abnormally dry 2013 growing season (Table 2). Apples were rated as 100% 
marketable in all treatments in 2013, and showed no significant difference for this 
variable among treatments in 2014. The exceptionally wet year of 2015 resulted in 
approximately 50% marketable apples in the control treatment, whereas there were no 
significant differences among warning-system and calendar-based treatments, with 
percent marketable apple ranging from 98 to 99% (Table 2; Supplementary Figure S2). In 
order to test equivalent effectiveness of warning-system and calendar-based treatments in 
controlling SBFS, the statistical analysis was repeated after excluding data from the no-
fungicide-spray control treatment in both Trials 1 and 2. The results indicated that the 
effect was similar to that when the no-spray control treatment was included (Rosli, 
unpublished data). Of the five growing seasons in the study, only 2013 showed a 
significant interaction between cultivar and treatment (P<0.05). The first harvested 
cultivar, McIntosh, had the least SBFS incidence, whereas the last-harvested cultivar, 
Golden Delicious, had the highest SBFS incidence (Rosli, unpublished data). 
Economic analysis. The annual cost associated with the warning system in the 
test plot varied from $285 in 2013 to $364 in 2014 and 2015 (Table 5). Relative humidity 
sensors and accompanying devices represented the largest expense category. Defraying 
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this quasi-fixed expense required an orchard size large enough to offset these costs, since 
spray costs were calculated on a per-hectare basis. Figure 1A illustrates the reductions in 
the relative costs for operating the RH-based warning system in 2013-2015 over the 
calendar-based system in controlling SBFS at different orchard sizes. On average, using 
the warning system resulted in input cost savings for an orchard >1 hectare in size, and 
the benefits increased for larger orchards (Figure 1A). Relative cost-efficiency ratios 
(Figure 1B) indicated that every dollar invested in operating the RH-based warning 
system would yields a higher percentage of marketable apples than the calendar-based 
system. Given that the percentage of marketable apples for any given year did not vary 
statistically among treatments when excluding the no-fungicide control treatment, this 
ratio is the reciprocal of the cost ratio shown in Figure 1A. It also revealed that, overall, 
the warning system was relatively more cost-efficient than the calendar-based system for 
an orchard >5 hectares in size. The cost efficiency was more apparent during dry year 
(2013) compared to wet year (2014 and 2015). The simulation of doubling the device 
cost (four RH sensors rather than two) for orchard sizes >5 hectares showed no apparent 
differences in either the relative operating cost (Figure 1A) or relative cost efficiency 
(Figure 1B). 
 
Discussion 
This is the first evaluation of the RH-based SBFS warning system initially 
proposed by Duttweiler et al. (2008). Results of our trials indicate substantive progress in 
modifying of a SBFS warning system for use by apple growers in the Upper Midwest 
U.S. Changes to the original Brown-Sutton-Hartman SBFS warning system, which was 
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developed for the considerably different climate of the southeastern U.S., were proposed 
after modeling weather-SBFS relationships in Iowa and Wisconsin (Duttweiler et al. 
2008). The primary change was that the action threshold for triggering the second-cover 
fungicide spray in the newly proposed Gleason-Duttweiler warning system was 
determined by a RH-based criterion rather than LWD as in the Brown-Sutton-Hartman 
system. In addition to their modeling results, the authors presented a climate-based 
rationale for opting for RH over LWD: given that 70% of wet hours during Upper 
Midwest summers are caused by dew vs. 70% of wet hours being associated with rainfall 
in western North Carolina (where the original warning system was developed), and that 
RH sensor measurements are less sensitive to microsite variation within apple tree 
canopies during dew periods than LWD sensors (Batzer et al. 2008), using a RH criterion 
to track duration of wet periods was preferred in the dew-dominated climate of the Upper 
Midwest (Duttweiler et al. 2008). Trial 1 in the present study established that using the 
Gleason-Duttweiler warning system could save several fungicide sprays per season while 
providing SBFS suppression equivalent to calendar-based spray timing.  
When analysis of the 2011 data for paired RH sensors positioned at the same 
location in the orchard revealed substantial sensor-to-sensor variation in determining 
hours of RH ≥97%, we developed a new RH threshold for the warning system - 
cumulative hours with RH >90% - and modified the number of hours associated with the 
new threshold accordingly. The 90% RH threshold had the practical advantage of 
reducing variability between paired sensors by 55%, which should increase 
reproducibility of warning system results. In the present study, variability between paired 
sensors was reduced by approximately 53% when the 90% RH threshold was used in 
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place of the 97% RH threshold. Using a RH threshold of >90% is widely accepted as a 
surrogate for leaf wetness (Wilks and Shen 1991; Sentelhas et al. 2008). Several other 
meteorological studies also found that RH >90% was the preferred threshold for a LWD 
estimation model and suggested that RH readings were unreliable above 95% (Chen et al. 
2012; Kronenberg et al. 2002). 
There are >80 named and putative SBFS species, and some of these species have 
distinct responses to temperature and RH (Gleason et al. 2011; William and Sutton 2000). 
According to Johnson and Sutton (2000), RH >88% was needed to germinate conidia of 
all SBFS species they studied. Field studies found that RH ≥90% was positively 
correlated with the incidence and severity of SBFS symptoms on apple fruit (Sutton and 
Sutton, 1994). Therefore, apart from the high level of variability among RH sensors at 
RH ≥97%, evidence from both plant pathology and micrometeorology support our 
conclusion that RH ≥90% is preferable to RH ≥97% as the threshold for the modified 
Gleason-Duttweiler warning system. 
The apple varieties in our study were harvested over a period of five to six weeks 
during September and October, with about two weeks between harvest of each variety. 
Nevertheless, statistically significant interaction between cultivar and treatment occurred 
in only 1 of the 3 years in Trial 2. Early-maturing cultivars – those that mature in July or 
early August, four to six weeks before the fall-harvested varieties - often escape SBFS 
infection, presumably due to insufficient time between fruit inoculation and appearance 
of visible colonies (Biggs et al. 2010; Gleason et al. 2011). A field study by Biggs et al. 
(2010), which grouped 23 apple cultivars by harvest date as early season, early mid-
season, late mid-season, or late season, found that differences in SBFS incidence were 
79 
 
 
 
more significant between the harvest-period groups than among cultivars within a group. 
For practical reasons, therefore, many growers apply the final fungicide spray of the 
season in an orchard to all cultivars with similar maturity dates. 
Modification of disease-warning systems is often necessary before they can be 
used with confidence outside of the regions in which they were developed. Part of the 
reason is the need to adjust to different climatic regimes in the new regions. Billing 
(2007) outlined a step-by-step evaluation protocol when moving weather-based decision-
support systems to regions with different climates. A first step is to test the original 
system specifications. For example: the NegFry system for potato late blight was 
developed in Germany and tested in Ireland (Leonard et al. 2001); the SIM-CAST, TOM-
CAST, and BLITECAST systems for potato late blight, developed in North America, 
were tested in the Toluca Valley of Mexico (Grünwald et al. 2000, 2002); North 
American warning systems for fire blight were evaluated in Israel (Shtienberg et al. 
2003); and forecast models for Fusarium head blight developed in Italy, Argentina and 
United States were evaluated in Canada (Giroux et al. 2016). If the original models fail to 
fit the new climate conditions, modifications should be made and a new model ought to 
be created; examples include the BIS system (Billing 2007) and the Gleason-Duttweiler 
warning system (Duttweiler et al. 2008). An additional complicating factor in moving an 
SBFS warning system among geographic regions is that the assemblage of SBFS species 
varies regionally (Díaz Arias et al. 2010), which could be important for management 
because the environmental biology and fungicide sensitivity also differ significantly 
among SBFS species (Batzer et al. 2012; Ismail et al. 2016; Tarnowski et al. 2003). In 
addition, further trials can trigger a re-evaluation and modification of originally proposed 
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action thresholds, even within the region where the system was originally developed. For 
example, Wu et al. (2002) modified the LWD threshold that triggered fungicide sprays in 
the lettuce downy mildew warning system developed in coastal California (Scherm et al. 
1995) to minimize unnecessary sprays, and also added temperature and solar radiation as 
decision support criteria. In the present case, observations concerning sensor-to-sensor 
variability in RH measurement led to a lowering of the RH threshold for the Gleason-
Duttweiler warning system. 
Even though SBFS risk is higher during wet than dry growing seasons (Gleason et 
al. 2011), the Gleason-Duttweiler warning system maintained acceptable SBFS control 
and saved one to five fungicide sprays per season compared to traditional calendar-based 
timing of the second-cover spray. Spray savings were greater during dry seasons. An 
average reduction of 2.7 sprays per year translates into less exposure by growers, farm 
workers, and consumers to potentially hazardous fungicides. As in a previous study 
(Babadoost et al. 2004) comparing the reduced-risk fungicides kresoxim methyl and 
trifloxystrobin to the traditional fungicides thiophanate-methyl and Captan, both reduced-
risk and traditional fungicides were equally effective in controlling SBFS. 
The partial budget analysis showed that commercial apple growers in Iowa and 
other regions with similar climatic condition could potentially reduce their input costs 
and improve their economic efficiency by adopting the Gleason-Duttweiler system in 
their orchard. In particular, the two sub-charts of Figure 1 showcase this improvement 
from two angles: When the cost ratio in Figure 1A is ˂1, it suggests for that particular 
orchard size, the operating cost for the new warning system is on average lower than that 
for the calendar-based system; and similarly, when the relative cost efficiency ratio 
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shown in Figure 1B is >1, it shows that for that particular orchard size, every dollar 
invested in the operating costs would yield a higher percentage of marketable apples for 
the new warning system vs. the conventional system. In addition, Figure 1 reveals that the 
Gleason-Duttweiler system would be more economically efficient than the conventional 
calendar-based system as the size of the orchard increases, especially beyond 5 hectares; 
for example, an increase in orchard size from 2 to 10 hectares suggests that the relative 
cost of the new warning system would change from about 80% to less than 70% of the 
cost of a calendar-based system.  
However, using warning systems entails some additional risks. For example, care 
in handling and maintaining RH sensors and data loggers can influence data reliability, 
thereby affecting performance of the warning system (Sutton et al. 1984). Similar 
maintenance and calibration challenges influence accuracy of LWD sensors (Gleason et 
al. 2008; Rowlandson et al. 2015). As shown in our simulation, economic advantage from 
using the warning system was proportional to orchard size; these savings could 
compensate for the purchase cost of additional sensors and data loggers that could be 
required for monitoring in larger orchards. Based on Trial 2 results, one hectare was the 
threshold orchard size above which economics of the SBFS warning system were more 
advantageous than for the calendar-based system. 
The main value of the proposed warning system is to provide an efficient 
management option for controlling SBFS infection, based on weather conditions that 
drive the risk of outbreaks. Reducing fungicide use also means reducing the exposure of 
growers to fungicides that can endanger their health. In addition, reducing reliance on 
fungicides can improve the competitive position of growers in markets that emphasize 
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minimal-pesticide production. Studies on pesticide residues on apples (Kovacova et al. 
2014; Sadło et al. 2016) and the effects on adults, children (Lozowicka 2015; Szpyrka et 
al. 2013) and the environment (He et al. 2016; Wang et al. 2016) have raised consumer 
concerns about pesticide contamination of fruit, so reducing fungicide sprays may ease 
these concerns. 
The modified Gleason-Duttweiler warning system could benefit many apple 
growers in the Upper Midwest U.S. as well as in other regions with similar climate. 
However, additional field testing in commercial orchards across multiple sites and years 
is needed before the Gleason-Duttweiler warning system can be recommended for grower 
use. In the course of this testing, the practical value of the system will need to be 
determined within the more complex decision matrix of apple production (McCown 
2002; Rodriguez et al. 2009; Sherman and Gent 2014).  
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Table 1.   Least squares means of log-transformed SBFS incidence and number of fungicide cover 
sprays for five treatments in SBFS warning system evaluations during 2010 and 2011 (Trial 1) 
  2010   2011 
Treatment 
 
Fungicide regime 
Log SBFS 
incidencea  
No. of cover 
spraysb 
  
Log SBFS 
incidencea  
No. of cover 
spraysb 
Warning system Conventionalc      -0.19 b 5   -0.54 b 4 
Warning system Reduced-riskd      -0.29 b 5   -0.35 b 4 
Warning system Reduced-riske      -0.14 b 5   -0.11 b 4 
Calendar-based 
Control 
Conventionalc 
None after 1st cover 
     -0.15 b 
      4.47 a 
8 
0 
  
 -0.40 b 
  2.46 a 
6 
0 
aLeast squares means within column followed by the same letter are not significantly different, 
LSM (P<0.05). 
bNumber of fungicide sprays after first-cover spray. 
cCaptan 80WDG + Topsin® M 4.5FL. 
dPristine® 38 WG (only boscalid in the mixture is registered by U.S. EPA as reduced-risk, not 
pyraclostrobin (www.epa.gov)) was applied for first- and second-cover sprays, followed by 
Captan 80WG + Topsin® M 4.5FL  for subsequent cover sprays until harvest. 
eFlint® 50 WG ( EPA-registered as a reduced-risk fungicide) was applied for first- and second-
cover sprays, followed by Captan 80WG + Topsin® M 4.5FL  for subsequent cover sprays until 
harvest. 
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Table 2. Least squares means, marketable apple and number of fungicide cover sprays for five treatments in SBFS warning system evaluations from 2013 
to 2015 (Trial 2) 
 
Treatment 
 2013   2014   2015 
Fungicide regime 
Log SBFS 
incidence
a 
Market-
able 
apples 
(%) 
No. of 
cover 
sprays
b 
  
Log 
SBFS 
incidence
a 
Market-
able 
apples 
(%)a 
No. of 
cover 
sprays
b 
  
Log SBFS 
incidence
a 
Market-
able 
apples 
(%)a 
No. of 
cover 
sprays
b 
Warning system  Conventionalc    -0.01 a        100 2  0.32 b 100 a 4  1.15 b 98 a 4 
Warning system  Reduced-riskd    -0.49 a        100 2  0.14 b   99 a 4  1.50 b 98 a 4 
Calendar-based  Conventionalc    -0.45 a        100 7  0.74 b 100 a 5  0.87 b 99 a 6 
Calendar-based  
Control  
Reduced-riskd 
None after 1st cover 
   -0.60 a 
    1.13 a 
       100 
       100 
7 
0 
  
0.39 b 
3.11 a 
100 a 
  93 a 
5 
0 
  
0.76 b 
4.56 a 
99 a 
44 b 
6 
0 
aLeast squares means within column followed by the same letter are not significantly different, LSM (P<0.05). 
bNumber of fungicide spray after first-cover spray. 
cCaptan 80WDG + Topsin® M 4.5FL. 
dCaptan 80WG + Flint® 50 WG ( EPA-registered as a reduced-risk fungicide) (applied twice), Captan 80WDG + Prophyt® (EPA-registered as a 
biofungicide) (applied three times), then Captan 80WG+Flint® 50 WG (applied twice). 
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Table 3. Three economic analyses used to evaluate the RH-based warning system in Iowa based on Trial 2 results 
Analysis Formula Assumptions 
Equivalent 
annual costa 
=
𝐴𝑠𝑠𝑒𝑡 𝑃𝑟𝑖𝑐𝑒
1 −  1 (1 + 𝑟)𝑡⁄
∗ 𝑟 
 r, cost of capital 5% 
 t,  3-year life expectancy 
of the weathering 
monitoring hardware 
Cost ratio for 
year i 
=  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡 𝑖𝑛 𝑦𝑒𝑎𝑟 𝑖 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑤𝑎𝑟𝑛𝑖𝑛𝑔 𝑠𝑦𝑠𝑡𝑒𝑚
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡 𝑖𝑛 𝑦𝑒𝑎𝑟 𝑖 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑐𝑎𝑙𝑒𝑛𝑑𝑎𝑟 − 𝑏𝑎𝑠𝑒𝑑 𝑠𝑦𝑠𝑡𝑒𝑚 𝑓𝑜𝑟 𝑎𝑛 𝑜𝑟𝑐ℎ𝑎𝑟𝑑
 
 Orchard size >5 hectares 
doubles the device cost 
for warning system. 
Relative cost 
efficiency ratio 
for year ib 
=  
% 𝑚𝑎𝑟𝑘𝑒𝑡𝑎𝑏𝑙𝑒 𝑎𝑝𝑝𝑙𝑒 𝑓𝑜𝑟 𝑦𝑒𝑎𝑟 𝑖/𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑤𝑎𝑟𝑛𝑖𝑛𝑔 𝑠𝑦𝑠𝑡𝑒𝑚 𝑓𝑜𝑟 𝑦𝑒𝑎𝑟 𝑖
% 𝑚𝑎𝑟𝑘𝑒𝑡𝑎𝑏𝑙𝑒 𝑎𝑝𝑝𝑙𝑒 𝑓𝑜𝑟 𝑦𝑒𝑎𝑟 𝑖/𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑐𝑎𝑙𝑒𝑛𝑑𝑎𝑟 − 𝑏𝑎𝑠𝑒𝑑 𝑠𝑦𝑠𝑡𝑒𝑚 𝑓𝑜𝑟 𝑦𝑒𝑎𝑟 𝑖
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Table 4. Weather inputs and key dates for calendar-based and warning system treatments from 2013 to 2015 (Trial 2) 
  Year 
Category and input 2013 2014 2015 
Orchard data    
Mean temperature (°C)a            21.9 21.0 20.8 
Mean RH (%)b            75.2 81.3 82.9 
First harvest datec            4 Sep 27 Aug   2 Sep 
Final harvest dated          15 Oct  1 Oct            8 Oct 
Cumulative rainfalle (mm)          163.1            410.5          541.3 
Calendar-based treatments 
   
Date of first-cover spray          28 May   5 Jun   27 May 
Date of second-cover sprayf          10 Jun 21 Jun 10 Jun 
Days from first- to second-cover spray            14              17            15 
Warning-system treatments using ≥90% RH threshold      
Date of first-cover spray          28 May  5 Jun  27 May 
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Table 4. Continued 
  Year 
Category and input 2013 2014 2015 
Date of second-cover sprayg            9 Aug  9 Jul            9 Jul 
Days from first- to second-cover sprays            74             35            44 
Warning-system with ≥90% vs. ≥97% RH threshold    
Date of ≥90% RH thresholdh          23 Jul   7 Jul  29 Jun 
Date of ≥97% RH thresholdh          26 Jun 27 Jun 20 Jun 
Days difference between ≥90% and ≥97% RH threshold            27              10            9 
aMean temperature from first-cover spray to day on which threshold was reached. 
bMean RH from first-cover spray to day on which threshold was reached. 
cFirst cultivar harvested (McIntosh). 
dFinal cultivar harvested (Red Delicious). 
eCumulative rainfall from first-cover spray to day on which cv. McIntosh was harvested (www.mesonet.agron.iastate.edu). 
fFungicide sprays were applied according to pre-scheduled timing (every 10 to 14 days from first cover to harvest). 
gFungicide spray was applied when the RH threshold was reached. 
hDate when either of the paired RH sensors reached the threshold. 
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Table 5. Cost analysis of each treatment from 2013 to 2015 in a 0.52 ha. apple orchard in Gilbert, IA 
Year Treatment 
 
No. of  
cover spraysb Total cost ($) 
Cost Components ($)a 
 
Fungicide regime 
Monitoring 
equipmentc 
RH monitoring and 
spraying labord Fungicidee Fuelf 
2013 Warning system  Conventional 2 285.26 196.46               60      26.70     2.10 
 
Warning system Reduced-risk 2 287.96 196.46               60      29.40     2.10 
 
Calendar-based  Conventional 7 275.80          0             175 93.45     7.35 
 
Calendar-based 
Control 
Reduced-risk 
None after 1st cover 
7 
0 
292.60 
          0 
         0 
         0 
            175 
                0 
   110.25 
       0 
    7.35 
0 
2014 Warning system  Conventional 4 364.06 196.46             110      53.40     4.20 
 
Warning system  Reduced-risk 4 364.06 196.46             110      53.40     4.20 
 
Calendar-based Conventional 5 197.00          0             125      66.75     5.25 
 
Calendar-based 
Control 
Reduced-risk 
None after 1st cover 
5 
0 
211.10 
          0 
         0 
         0 
            125 
                0 
     80.85 
       0 
    5.25 
     0 
2015 Warning system Conventional 4 364.06 196.46             110      53.40     4.20 
 
Warning system Reduced-risk 4 364.06 196.46             110      53.40    4.20 
 
Calendar-based Conventional 6 236.40          0             150      80.10    6.30 
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Table 5. Continued 
Year Treatment 
 
No. of  
cover spraysb Total cost ($) 
Cost Components ($)a 
 
Fungicide regime 
Monitoring 
equipmentc 
RH monitoring and 
spraying labord Fungicidee Fuelf 
 
Calendar-based 
Control 
Reduced-risk 
None after 1st cover 
6 
0 
251.85 
          0 
         0 
         0 
            150 
                0 
     95.55 
       0 
   6.30 
    0 
aBased on treatments tested on a 0.52-ha apple field at the Iowa State University Horticulture Research Station, Gilbert, IA. 
bNumber of fungicide spray after first-cover spray. 
cEquivalent annual cost based on the total device price of $535, including: two Watchdog A150 Temp/RH loggers ($338), one A-series PC-cable 
($29), and two radiation shields ($168). Cost for laptop computer (for data downloading) was not included in the analysis. 
dRH monitoring required 30 minutes per week and fungicide spraying required 75 minutes/spray at $20/hour labor cost. 
ePrice for each fungicide in July 2016 was as follows: $37.46/kg for Topsin® M 4.5FL; $20.81/kg for Captan 80WDG, $439.24/L for Flint® 
50WG, and $13.11/liter for ProPhyt®. 
f1.89 liter/spray, $1.11/liter. 
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Figure 1. Economic analysis showing ratio of Gleason-Duttweiler SBFS warning 
system:calendar-based system for different orchard sizes, based on 2013 to 2015 trials. 
A. Cost ratio. B. Relative cost-efficiency ratio. 
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Figure 2. Scatter plot of SBFS incidence from each tree (50 apples) for each treatment 
in Trial 1. A. 2010. B. 2011. 
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Figure 3. Scatter plot of SBFS incidence from each tree (50 apples) for each treatment 
in Trial 2. A. 2013. B. 2014. C. 2015. 
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Supplementary Table S1.  Mean SBFS incidence for five treatments in SBFS 
warning system evaluations during 2010 and 2011 (Trial 1) 
  
Fungicide 
regime 
2010  2011 
Treatment 
SBFS incidence 
(%)  
  
SBFS incidence 
(%)  
Warning system Conventionala   4.3    0.1 
Warning system Reduced-riskb   1.1    0.4 
Warning system Reduced-riskc   1.9    0.7 
Calendar-based 
Control 
Conventionala 
None after 1st 
cover 
  0.7 
80.6 
  
  0.1 
31.5 
aCaptan 80WDG + Topsin® M 4.5FL. 
bPristine® 38 WG (only boscalid in the mixture is registered by U.S. EPA as reduced-
risk, not pyraclostrobin (www.epa.gov)) was applied for first- and second-cover 
sprays, followed by Captan 80WG + Topsin® M 4.5FL for subsequent cover sprays 
until harvest. 
cFlint® 50 WG (EPA-registered as a reduced-risk fungicide) was applied for first- and 
second-cover sprays, followed by Captan 80WG + Topsin® M 4.5FL for subsequent 
cover sprays until harvest. 
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Supplementary Table S2. Mean SBFS incidence for five treatments in SBFS warning system 
evaluations from 2013 to 2015 (Trial 2)  
Treatment Fungicide regime 
2013   2014   2015 
SBFS incidence (%)   SBFS incidence (%)   SBFS incidence (%) 
Warning system Conventionala   2.0    2.8    8.0 
Warning system Reduced-riskb   0.1    1.7    7.7 
Calendar-based Conventionala   0.1    4.0    6.5 
Calendar-based 
Control 
Reduced-riskb 
None after 1st 
cover 
  0.4 
16.4 
  
  2.8 
46.3 
  
  4.2 
92.9 
aCaptan 80WDG + Topsin® M 4.5FL. 
bCaptan 80WG + Flint® 50 WG ( EPA-registered as a reduced-risk fungicide) (applied twice), Captan 
80WDG + Prophyt® (EPA-registered as a biofungicide) (applied three times), then Captan 80WG + 
Flint® 50 WG (applied twice). 
1
0
1 
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Supplementary Figure S1. Schematic view of 0.52-ha apple orchard at the Iowa State 
University Horticulture Research Station. 
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Supplementary Figure S2. Scatter plot of percent marketable apples from each tree (50 apples) for each 
treatment in each year of Trial 2. A. 2013. B. 2014. C. 2015. 
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PRECIPITATION EXERTS DIFFERENTIAL IMPACTS ON DISSEMINATION 
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Abstract 
The impact of precipitation on spatial dissemination of three prevalent taxa 
(Peltaster sp., Stomiopeltis sp., and Microcyclosporella sp.) of sooty blotch and flyspeck 
(SBFS) fungi was evaluated during 2015 and 2016 in an Iowa apple orchard. Overhead 
irrigation was used to supplement ambient precipitation in order to insure SBFS spore 
dissemination and colony development. Treatments included three daily periods of 
overhead irrigation – 3, 6, or 12 h – that were imposed either once or twice per hour, as 
well as a non-irrigated control. Apple fruit were either inoculated with one of the three 
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SBFS taxa, water-sprayed, non-treated, or enclosed in fruit bags throughout the fruit 
development period. Dissemination of the SBFS taxa from inoculated to non-treated 
apples was assessed by counting colonies that appeared on water-sprayed and non-treated 
apples. In 2015, the linear relationship between LWD and the number of colonies on the 
water-sprayed apples was similar for Peltaster sp. (slope = 0.09), Stomiopeltis sp. (slope 
= 0.07) and Microcyclosporella (slope = 0.13). In 2016, the slope was higher for 
Peltaster sp. (0.28) than for Stomiopeltis sp. (-0.09) or Microcyclosporella (0.06). 
Peltaster sp. had the highest colony counts on non-treated and water-sprayed apples in 
2015, and on water-sprayed apples in 2016. The results indicated that dissemination of 
Peltaster sp. increased sharply in response to increased irrigation-imposed precipitation, 
and that dissemination by this species was substantially more responsive to precipitation 
than the other two species. The apparent advantage of Peltaster sp. in precipitation-
triggered dissemination may stem from its ability to produce spores rapidly by budding. 
To our knowledge, this is the first paper to assess splash dispersal by SBFS fungi and the 
first to document taxon-specific patterns of dissemination by these fungi on plant hosts. 
 
Introduction 
Sooty blotch and flyspeck (SBFS) is a fungal disease complex of apple and other 
fruits that occurs in moist growing regions worldwide, producing superficial dark 
smudges or clusters of dots that can render fruit unsuitable for fresh-market sale (Gleason 
et al. 2011, Williamson and Sutton 2000). In Iowa and elsewhere in the eastern half of the 
U.S., most apple growers manage SBFS by applying fungicide sprays every 1 to 2 weeks 
throughout the fruit development period (Gleason et al. 2011). This approach can lead to 
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unnecessary sprays, however, because it does not account for fluctuations in disease risk 
due to environmental conditions, especially the duration of periods of wetness or high 
relative humidity (Brown and Sutton 1995; Duttweiler et al. 2008). Therefore, use of 
weather-based warning systems to time fungicide sprays has been proposed in order to 
reduce input costs and minimize unnecessary fungicide spraying (Babadoost et al. 2004; 
Duttweiler et al. 2008; Rosli et al. 2017) 
The SBFS complex is among the most diverse plant pathogen assemblages ever 
documented, with at least 60 named or putative species in the U.S. alone (Gleason et al. 
2011) and more than 80 worldwide (Gao et al. 2015; Medjedović et al. 2014; Zhao et al. 
2016). Recognition that SBFS is comprised of multi-species complexes within individual 
apple orchards and that SBFS species assemblages varied among geographic regions 
triggered exploration of physiological and ecological differences among SBFS species in 
order to improve effectiveness of disease management (Batzer et al. 2010; Díaz Arias et 
al. 2010; Johnson and Sutton 2000; Ismail et al. 2016; Tarnowski et al. 2003). However, 
little is known about taxon-specific patterns of dissemination within orchards or among 
apple fruit on the same tree, although these patterns could influence the risk of epidemic 
spread (Gleason et al. 2011). 
Preliminary evidence from field trials in Iowa apple orchards suggested that the 
SBFS fungus Peltaster sp. undergoes multiple infection cycles per season in Iowa (Batzer 
et al. 2012). Unlike many other SBFS genera, Peltaster spp. produce blastospores via 
budding, a process similar to spore production by yeast (Batzer et al. 2012; Johnson et al. 
1997; Johnson et al. 1996; Williamson and Sutton 2000). The idea that SBFS taxa differ 
considerably in dissemination dynamics gained support from a recent inoculation study in 
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an Iowa orchard which noted that, during an exceptionally rainy growing season, 
Peltaster sp. had many more colonies on non-treated apples than species from other 
SBFS genera (Ismail et al. 2016). 
Based on these findings, we hypothesized that rainfall periods differentially 
impact dissemination of SBFS taxa. Our objectives were to assess the effect of different 
precipitation regimes on dissemination of SBFS taxa among fruit on the same apple tree, 
and to determine whether Peltaster sp. disseminates more readily on fruit than two other 
prevalent SBFS taxa in Iowa, Stomiopeltis sp. and Microcyclosporella sp. (Batzer et al. 
2012). 
 
Materials and methods 
Field site. Trials were conducted during 2015 and 2016 at the Iowa State 
University Horticulture Research Station (ISUHRS; 42°06'23.8''N, 93°35'23.3''W). The 
0.32-ha apple orchard was planted in 2003 and included nine rows consisting of six-tree 
subplots of cv. Golden Delicious with a single tree of cv. Gala at each end of a subplot on 
23 different rootstocks. Spacing within and between rows was 2.5 m and 4.4 m, 
respectively (Fig. 1). A split plot design was utilized; irrigation treatments were assigned 
to rows and inoculation treatments were assigned to subplots of trees within rows. 
Irrigation regimes and leaf wetness monitoring. A computer-controlled 
overhead irrigation system was established to insure that sufficient precipitation occurred 
to facilitate dissemination and colony formation by SBFS taxa (Gleason, unpublished 
data). Irrigation nozzles (Pop-up Spray Head Sprinklers, Model 1812AP, Rain Bird, 
Azusa, CA, USA) were placed at approximately 4-m height at the top of the tree canopy 
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in four contiguous rows of trees, with each row receiving one irrigation regime. Only the 
three middle trees in each subplot were used for data acquisition, and each of these trees 
had an irrigation nozzle centered over it. Four different irrigation regimes were 
established as follows: once per hour for 12 hours (8 pm to 8 am); once per hour for 6 
hours (2 am to 8 am); twice per hour for 6 hours (2 am to 8 am); and twice per hour for 3 
hours (5 am to 8 am) (Fig. 1). Each irrigation event was continued for 1 min. The 
irrigation regimes were arbitrarily assigned to rows in both 2015 and 2016. A fifth 
control treatment, a control which received only ambient precipitation, was located 
outside the irrigated portion of the test plot. 
Flat, printed-circuit leaf wetness sensors (Model 237-L, Campbell Scientific, 
Logan, UT) were used to estimate leaf wetness duration (LWD) and verify proper 
operation of the irrigation heads. To increase the sensitivity of LWD estimation sensors 
were painted with off-white latex paint of proprietary composition (Lau et al. 2000). 
Three sensors were placed in each of two adjacent subplots in each irrigation treatment: 
one sensor in the top third of the tree canopy, one in the center of the canopy, and one in 
the lower third. All wetness sensors in the tree canopy were mounted on the end of a 
section of PVC pipe, facing north at an inclination of 45° to horizontal. Data loggers 
(Model CR10, Campbell Scientific, Logan, UT) recorded wetness sensor data at 15-min 
intervals. The daily and cumulative rainfall from date of inoculation to date harvest at the 
ISUHRS was obtained from the Iowa State University weather database 
(www.mesonet.agron.iastate.edu). 
Inoculation treatments. All trees included in the experiment received the same 
inoculation treatment. Within 14 days after petal fall (before the first-cover fungicide 
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spray was applied), 50 fruit clusters per tree in the subplot were manually thinned to one 
fruit per cluster. These fruits were arbitrarily assigned to inoculation treatments by using 
colored flags tied to the closest branch; 10 apples each per tree were designated for 
inoculation with Peltaster sp. (isolate CUE2b), Stomiopeltis sp. (isolate PEC6a), or 
Microcyclosporella sp. (MWD7a) that were obtained from Dr. Mark Gleason’s collection 
at Iowa State University, 15 apples were sprayed with water only, and five apples 
remained covered by fruit bags until harvest (Table 1). After the first-cover fungicide 
spray application (7 to 10 days after petal fall) of thiophanate-methyl (Topsin® M) plus 
captan, each tagged apple was covered with a Japanese fruit bag 
(http://www.wilsonirr.com/ecommerce/red-apple-bag-6-large.php) to prevent ambient 
SBFS inoculum from landing on the fruit. A tank mix of mycobutanil (Rally® 40 WSP) 
and fenarimol (Rubigan®) was applied from green tip to petal fall to control apple scab 
(Venturia inaequalis) and rusts (Gymnosporangium spp.). 
Inoculum preparation and application. Two-week-old cultures of Peltaster sp. 
Stomiopeltis sp., and Microcyclosporella sp. grown under intermittent ambient light at 
room temperature (24 to 26°C) on potato dextrose agar (PDA) were used to prepare 
conidial suspensions. The surface of colonies on five to six PDA plates of each SBFS 
taxa was scraped off using a metal spatula, transferred to a blender, homogenized with 
300 ml of sterile distilled water, and filtered through three layers of sterile cheesecloth. 
The spore suspension was adjusted to 108 conidia ml-1 using a hemocytometer and placed 
in 1-L spray bottles. Sterile distilled water was sprayed as a control. All spore 
suspensions were stored at 5°C until used for field inoculation. Inoculation was carried 
out according to the color of the adjacent flag (Table 1). After fruit bags were removed 
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from the designated apples (apples tied with colored flags), they were sprayed twice (one 
for each hemisphere of the apple) with the designated fungus before being re-covered by 
the same bag. The bags remained on these apples overnight in order to allow inoculum to 
dry, after which all bags were removed except for the five control apples that remained 
bagged all season. At harvest, the remaining fruit bags were removed and tagged fruit 
were sorted into separate plastic bags according to color of the tag, then stored at 2°C 
until observation. As a further control, 30 non-treated apples (apples that were never 
bagged and were not included among the inoculation treatments) were also collected 
from each tree (Table 1). 
SBFS colony characterization. The number of SBFS colonies displaying the 
morphologically distinct mycelial types associated with Peltaster sp., Stomiopeltis sp., 
and Microcyclosporella sp. (Batzer et al. (2005) were counted on each apple under a 
dissecting microscope. To verify the identity of SBFS taxa that had been provisionally 
identified according to mycelial type, DNA was extracted from mycelium in five 
arbitrarily selected colonies of each mycelial type on water-sprayed apples (Duttweiler et 
al. 2008). After 10 µl of PrepMan® Ultra Sample Preparation Reagent (Applied 
Biosystems, Foster City, CA, USA) was placed on a colony of each mycelial type, the 
colony was scraped from the apple peel using the pipette tip and suspended in the buffer; 
the suspension was then mixed with 40 µl PrepMan® buffer and fungal DNA was 
extracted following manufacturer instructions. The amplification protocol of Duttweiler 
et al. (2008) was followed to amplify the partial ribosomal DNA (rDNA) using primers 
ITS-1F (5′–CTTGGTCATTTAGAGGAAGTAA–3′)/Myc1-R (5′–
ACTCGTCGAAGGAGCTACG–3′). The 50-µl polymerase chain reaction (PCR) 
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mixture contained 4 mM MgCl2, 10 µl 10× Promega buffer, 0.2 mM dNTPs, 0.75 µM 
each primer, 1.25 units of Taq polymerase (Promega Corp., Madison, WI, USA), and 2 µl 
of DNA template. The PCR thermal cycler conditions were as follows: initial 
denaturation at 95°C for 95 s, 35 cycles of denaturation at 95°C for 60 s, annealing at 
58°C for 60 s, and extension at 72°C for 5 min. The PCR product was purified with 
Illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare Bio-Sciences, 
Pittsburgh, PA, USA), and sequenced with the primers ITS-1F and Myc1-R by the DNA 
Sequencing and Synthesis Facility at Iowa State University, using an Applied Biosystems 
DNA Analyzer (Model 3730xl; Life Technologies, Carlsbad, CA, USA). Sequences were 
edited manually using BioEdit (Hall 1999) before BLAST searches were performed to 
compare with sequences in the GenBank database (National Center for Biotechnical 
Information, Bethesda, MD, USA). 
Statistical analysis. Due to unequal variation in the raw data of SBFS colony 
counts in both water-sprayed and non-treated apples, all SBFS colony counts were log-
transformed (natural log) prior to analysis. PROC MIXED (SAS Inc., Durham, NC) was 
used with replicate, hour, event, isolate, isolate × hour, and isolate × event as the fixed 
effects. The log-transformed counts for the three SBFS taxa were considered repeated 
measures on the same tree using a compound symmetric structure. The slopes were 
estimated for each count of Peltaster sp., Stomiopeltis sp., and Microcyclosporella sp. 
with a 95% confidence interval. Differences in log(number of SBFS colonies) in the non-
irrigated control plot were compared by using PROC GLM (SAS Inc., Durham, NC) with 
species and replicate × tree included as fixed effects. Least Squares Means (LSM) was 
used to assess significance of differences among SBFS taxa. 
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To assess correlation between LWD and colony counts for each species, wetness 
was treated as a continuous variable. Therefore, LWD associated with irrigation regime 
was represented as low (for the 3-hour irrigation regime), medium (associated with both 
6-hr irrigation regimes), and high (associated with the 12-hr irrigation regime); for the 
purpose of this analysis, the two 6-hr irrigation regimes were merged because the impact 
of irrigation event on colony counts for these two treatments was not significant (P<0.05; 
Rosli, unpublished data). 
 
Results 
Precipitation impact on SBFS colony counts. The number of colonies of each 
SBFS taxa on water-sprayed fruit differed in response to the irrigation regimes. Peltaster 
sp. colonies greatly outnumbered those of the other two species in both years; this 
difference increased as duration and frequency of irrigation increased (Fig. 2A and B). 
Similar trends occurred on non-treated apples that had not been bagged (Figs. 2C and 
2D), although the number of colonies per apple was higher than for the water-sprayed 
controls that had been bagged prior to inoculation (Figs. 2A and 2B). Neither the effect of 
frequency of irrigation event (once vs. twice per hour) nor interaction between irrigation 
event and irrigation hour were significant (Rosli, unpublished data). 
In 2015, on both water-sprayed and non-treated control apples, 
Microcyclosporella sp. colony counts were more strongly positively correlated with the 
change of irrigation regimes from low to high than Peltaster sp. or Stomiopeltis sp. (Fig. 
3A and C). In 2016, however, only Peltaster sp. showed significant positive correlation 
of colony counts with the irrigation regimes (Figs. 3B and D). On the water-sprayed 
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apples, the slopes for Peltaster sp. were 0.09 and 0.28; for Stomiopeltis sp., 0.07 and -
0.09; and for Microcyclosporella sp., 0.13 and 0.06 in 2015 and 2016, respectively 
(Supplementary Figs. S1A and B). The correlations were similar for the non-treated 
apples (Supplementary Figs. S1C and D). Analysis on the non-irrigated control plot 
showed that the log of colony counts differed significantly among SBFS taxa (Table 2); 
Peltaster sp. had the highest colony counts, except on the non-treated control treatments 
in 2016. The apples that were bagged all season showed a few SBFS colonies in 2015, 
but none in 2016 (Rosli, unpublished data). 
Weather data. For the period from inoculation until harvest, mean cumulative 
LWD for all irrigation treatments was similar between years, whereas cumulative rainfall 
was somewhat lower in 2015 (394.5 mm) than in 2016 (503.9 mm) (Table 3). During 
2015, however, ambient daily rainfall and dew (based on hourly sensor data from 10 pm 
to 9 am) was higher during three weeks immediately following inoculation than in 2016 
(Fig. 4). We also evaluated the impact of the irrigation regimes on total LWD during 
irrigation period, including dew and rain as well as irrigation. Cumulative LWD ranged 
from approximately 250 hours in the “low” irrigation regime to 700 hours in the “high” 
irrigation regime, and the trend was similar in both years (Rosli, unpublished data). The 
range of total cumulative LWD (including natural rain and dew events as well as 
irrigation) indicated that rain and dew contributed most of the wetness hours. 
Verification of SBFS taxa. Sequences obtained from each of five colonies of 
each mycelial type (punctate, ramose and ridged honeycomb) were approximately 800 bp 
in length, and BLAST searches closely matched the sequences deposited in GenBank for 
the three inoculated SBFS taxa: the punctate mycelial type showed 98 to 100% identity to 
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Peltaster sp. (AY598889, AY598890 and MF075291), the ramose mycelial type showed 
99 to 100% matched to Stomiopeltis sp. (AY160174, FJ438375 and FJ438376), and the 
ridged honeycomb mycelial type showed 100% similarity to Microcyclosporella sp. 
(KP400560, KC859001 and GU570530). 
 
Discussion 
To our knowledge, this is the first study of dissemination of SBFS fungi among 
fruit, the first comparison of SBFS taxa with regard to their patterns of dissemination in 
the field, and the first to relate these patterns to environmental conditions. In both years, 
Peltaster sp. dissemination from SBFS-inoculated to water-sprayed apples far exceeded 
that of the other two species; this trend was particularly pronounced for treatments that 
featured more prolonged and/or frequent irrigation events (Figs. 2A and 2B). The same 
general trend was apparent for non-treated apples that had not been bagged prior to the 
date of inoculation of other apples (Figs. 2C and 2D). The results support the hypothesis 
that Peltaster sp.’s greater ability to spread among apple fruit is related to its greater 
ability to produce secondary cycles of inoculum during wet periods, and is consistent 
with previous field observations (Batzer et al. 2012; Ismail et al. 2016). This ecological 
distinction adds an important dimension to documented differences among recently 
discovered SBFS taxa regarding phenology (Ismail et al. 2016), physiology (Batzer et al. 
2010), and fungicide sensitivity (Tarnowski et al. 2003), thereby underlining the potential 
value of identifying prevalent SBFS taxa in each geographic region (Díaz Arias et al. 
2010) for enhancing effectiveness of SBFS management tactics. 
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The relationship of Peltaster sp. colony counts on water-sprayed control apples to 
cumulative wet hours measured during irrigation periods was considerably stronger than 
the response to total wetness hours during all periods. We hypothesize that the reason for 
this difference is that, during the irrigation treatment periods, a higher percentage of 
LWD hours was caused by precipitation (mainly in the form of spray irrigation) than 
during other periods. Batzer et al. (2008) documented that, in the absence of overhead 
irrigation, approximately 70% of LWD in this same orchard was caused by dew rather 
than rain. In the more rain-dominated climate of southeastern Brazil during the fruit 
maturation period, Spolti et al. (2011) also found a significant positive correlation 
(approximately 90%) of SBFS incidence with LWD, rainfall amount per event, and rain 
intensity. Assuming that precipitation is more effective than dew in transferring water 
droplets containing budded conidia from one apple to another, the relative prevalence of 
precipitation over dew during irrigation-treatment periods could explain why colony 
counts of Peltaster sp. were more closely correlated with cumulative LWD during the 
irrigation treatments than with total LWD. 
Covering apples with fruit bags from shortly after the first-cover spray until the 
day of inoculation minimized deposition of external SBFS inoculum. However, the time 
lag from petal fall until the date the bags were applied ranged from 30 days in 2015 to 12 
days in 2016. Therefore, it is possible that more inoculum from natural sources landed on 
the apples in 2015 compared to 2016. Similarly, more SBFS colonies were observed on 
non-treated apples than were never bagged than on those that had been bagged before the 
inoculation date in both years, especially for Peltaster sp. However, this difference in 
timing of bagging seems unlikely to have impacted the observed relationships between 
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irrigation treatment and colony counts among the three inoculated SBFS taxa.  
Peltaster sp. was reported to produce conidia through budding in vitro (Johnson 
and Sutton 1996), an ability which is absent in Stomiopeltis sp. and Microcyclosporella 
sp. (Batzer et al. 2012; Batzer et al. 2010). Rapid production of conidia by means of 
budding may offer an advantage to Peltaster sp. in dissemination during rainy periods, 
acting as a reservoir of inoculum for secondary disease cycles via rain splash (Fones et al. 
2017). The Peltaster sp. isolate CUE2b used for inoculation in the present study showed 
98% identity with MF075291, a sequence from an isolate suggested to be a new species, 
P. gemmifer, that displayed the ability to produce secondary conidia in vitro through 
budding (discussed in chapter 2 in this dissertation). Although secondary conidiation by 
Peltaster sp. in the field has not been verified, Williamson and Sutton (2000) suggested 
that the ‘dripping’ appearance of P. fructicola colonies on apple fruit resulted from 
secondary spread by rain splash. The ‘dripping’ appearance was also observed in present 
study on apple inlculated with Peltaster sp. isolate CUE2b. Another SBFS pathogen, 
Zygophiala sp., produced conidiophores and conidia in vitro and on the apple surface 
(Gao et al. 2014; Williamson and Sutton, 2000). Gao and co-workers also reported 
secondary production of Zygophiala sp. conidia on apple fruit (Gao et al. 2014); conidia 
germinated on the apple surface and produced sclerotium-like bodies (clustered and 
thickened hyphae) containing secondary conidia. 
Although the present study did not measure the spatial extent or rate of 
dissemination of SBFS taxa in the field, counting colonies on non-treated apples provided 
convincing indirect evidence of dissemination. The present study provides a foundation 
for quantitative studies to clarify relationships between environmental wetness and SBFS 
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dissemination, and discern differences among SBFS taxa in dispersion dynamics in the 
field. In order to assess spatial dissemination and verify the production of secondary 
inoculum in the field, a logical further step could be to monitor conidia of SBFS taxa 
using spore traps at different time intervals after inoculation. 
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Table 1. Chronology and key dates from first-cover fungicide spray until harvest 
  Year 
Chronology of task and input 2015 2016 
First-cover fungicide spraya        27 May    29 May 
Apples baggedb        16 Jun    31 May 
Inoculation treatmentc          8 Jul    20 Jun 
      Peltaster sp.   
     Stomiopeltis sp.   
     Microcyclosporella sp.   
     Water   
     Apple covered with bag all season   
Harvestd        22 Sep    18 Sep 
aApplied to all trees in the experiment plot. 
bFifty apples per tree were bagged from shortly after first-cover fungicide spray 
until inoculation. 
cThe assigned colored flags and number of apple used for each inoculation 
treatment are in parentheses. Bag covering the apple on each tree was only removed 
during the inoculation, and then rebagged until the following day to prevent 
inoculum wash off.  All inoculation treatments were applied on the same day. 
dFifty apples per tree from the inoculation treatments were collected in separated 
bags according to the colored flags. Additional 30 apples that were never bagged 
and were not included among the inoculation treatments were collected to 
supplement the data collected from the treatment apples. 
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Table 2. Least squares means of log-transformed colonies count on water-sprayed and 
non-treated apples in 2015 and 2016 on non-irrigated control plot. 
 Apple treatment and Year 
 
Water-sprayeda 
 
Non-treatedb 
Species 2015c 2016c 
 
2015c 2016c 
Peltaster sp. 3.13 a 1.47 a 
 
3.58 a  -0.29 ab 
Stomiopeltis sp.       0.63 b     -0.94 b 
 
1.94 b 0.28 a 
Microcyclosporella sp.      -0.41 c     -0.60 b   1.35 b       -1.10 b 
aApples were bagged shortly after first-cover spray until the day of inoculation. 
bApples were neither bagged nor inoculated, and were selected arbitrarily for harvest. 
cMeans within a column followed by the same letter are not significantly different (LSM, 
P˂ 0.05). 
123 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3. Weather inputs and leaf wetness duration for irrigation treatments at Iowa State 
University Horticulture Research Station in 2015 and 2016 
  Year 
Category and input 2015 2016 
Cumulative rainfall (mm)a         394.5      503.9 
Leaf wetness duration (hour) for each irrigation regimeb 
  
      Low (irrigated twice/hour, 5 am‒8 am)         904.4      912.1 
      Medium (irrigated once/hour,  2 am‒8 am)         929.6      957.7 
      Medium (irrigated twice/hour, 2 am‒8 am)         941.1      856.9 
      High (irrigated once/hour, 8 pm‒8 am)       1042.9    1146.9 
      Ambient (no irrigation)         827.1      771.4 
aData collected from date of inoculation to date of harvest 
(www.mesonet.agron.iastate.edu). 
bTotal cumulative LWD from date of inoculation to date of harvest. 
124 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gala
D
D
D
D
D
D
Gala
D
D
D
D
D
D
Gala
D
D
D
D
D
D
Gala
D
D
D
D
D
D
Gala
Gala
D
D
D
D
D
D
Gala
D
D
D
D
D
D
Gala
D
D
D
D
D
D
Gala
D
D
D
D
D
D
Gala
Gala
D
D
D
D
D
D
Gala
D
D
D
D
D
D
Gala
D
D
D
D
D
D
Gala
D
D
D
D
D
D
Gala
Gala
D
D
D
D
D
D
Gala
D
D
D
D
D
D
Gala
D
D
D
D
D
D
Gala
D
D
D
D
D
D
Gala
Irrigation regime 
Time irrigation 
No. irrigation events (total) 
 
No. irrigation hours (total) 
Irrigation interval (min) 
High 
8 pm ‒ 8 am 
Low Medium Medium 
2 am ‒ 8 am 2 am ‒ 8 am 5 am ‒ 8 am 
12 
12 
60 30 
6 
12 
60 
6 
6 
30 
3 
6 
2.5 m 
4.4 m 
Ambient 
treatment 
(no irrigation) 
N Cultivar: 
D-Golden Delicious 
Gala-Gala 
Figure 1. Schematic view of the experimental field at the Iowa State University Horticulture 
Research Station, and the assignment of irrigation treatment from the overhead irrigation to 
each row (dotted lines). 
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Figure 2. Mean number of colonies per apple associated with three most prevalent SBFS taxa 
in Iowa. A, water-sprayed 2015; B, water-sprayed 2016; C, non-treated 2015; and D, non-
treated 2016. 
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Figure 3. The effect of irrigation regime on log (colony counts) associated with the three most 
prevalent SBFS taxa in a central Iowa orchard. A, water-sprayed 2015; B, water-sprayed 
2016; C, non-treated 2015; and D, non-treated 2016. 
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Figure 4. Daily weather inputs (daily rainfall and dew) from day of inoculation to harvest at 
Iowa State University Horticulture Research Station. A, and C, 2015; B, and D, 2016. 
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Supplementary Figure S1. Estimated slopes with 95% confidence intervals. A, water-
sprayed 2015; B, water-sprayed 2016; C, non-treated 2015; and D, non-treated 2016. 
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Instructor notes 
Introduction 
The case study explores a common disease of apple fruit called sooty blotch and 
flyspeck (SBFS) that poses an unusual problem for apple growers. SBFS is a cosmetic 
disease; that is, it causes dark blotches on the apple peel but does not affect the eating 
quality of the fruit. In contrast, almost all other apple diseases also cause internal damage 
to fruit, leaves, stems, or roots. Despite the superficial nature of SBFS infections, most 
consumers of fresh apples refuse to buy fruit with SBFS blotches. As a result, these 
otherwise undamaged apples are typically diverted to making cider or pies, which are 
much less profitable than fresh apples. To protect against SBFS, apple growers in the 
eastern (more humid) half of the U.S. apply fungicides to their orchards every 10 to 14 
days during most of the growing season - up to 8 applications per year. This intensive 
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spray program is not only expensive and time-consuming, but can also be a health hazard 
to apple growers and their customers, since some of the fungicides can be harmful to 
people. 
The case places students in the role of Umar Mukhlis, a small-scale commercial 
apple grower in Iowa. Umar’s customers, responding to news reports, suddenly become 
concerned that fungicide residues on his apples could endanger their health. Faced with 
declining profits, he needs to change the situation - and soon - in order for his business to 
survive. Students are asked to evaluate the options and recommend a management plan 
that could help Umar to overcome his customer relations crisis. The case enables students 
to learn the basic ecology of an important fruit crop disease, understand how weather 
impacts disease risk, consider the pro’s and con’s of conventional and organic disease 
control, and strategize about how to get customers to buy smudged apples in exchange 
for less pesticide use. 
Objectives 
The main goals of this case study are to engage students in: 
 Learning about a unique plant disease, SBFS, whose signs are only “skin deep.” 
 Understanding how the ecology of SBFS impacts a grower’s options to manage it 
effectively. 
 Discussing how having customers visit an apple orchard on a regular basis can 
affect how a grower controls crop diseases. 
 Learning how a disease-warning system functions, and understanding the 
tradeoffs for growers who are deciding whether or not to use such a system. 
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 Considering how to persuade customers to accept superficially smudged apples as 
the price of potentially lower exposure to fungicides.  
Case Summary 
The case study dramatizes the real-life situation of a small-scale apple grower 
who runs a retail “pick-your-own” business in which his profit depends largely on his 
customers’ satisfaction. Umar’s customers raised concerns about the health hazards of 
fungicide residues on the apples due to frequent fungicide sprays, and many have 
abruptly stopped coming to his orchard to pick their own fruit. He fears that if he gives 
his customers what they are asking for, the cutback in fungicide spraying will raise his 
risk of outbreaks of SBFS, and that consequently he will harvest more dark-smudged 
apples. With help from Hannah Wilson, a plant pathology Extension specialist, as well as 
his family members who contributed some ideas, Umar has several strategies to consider 
in order to regain his customers’ trust and save his orchard from bankruptcy.  
The case study is suitable for college and university students from undergraduate to 
graduate level. Prior knowledge about plant disease or plant disease management is not 
required for this case study. 
Suggestions on how to use this case 
The case study is designed for class periods from 50 to 90 minutes and class sizes 
from 5 to 50 students. Based on our experience in teaching this case, we suggest that 
students read the provided background information on SBFS at least one day before the 
class, and that they submit a short summary or written assignment before class so that 
they can participate meaningfully during in-class discussion. 
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The case study was tested in 50-minute-long class periods of Iowa State 
University (ISU) undergraduate courses in plant pathology and mycology. For a class 
period of this length, we suggest dividing the activity into three parts: for example, a 5- to 
10-minute presentation by the instructor, followed by 20 minutes of small-group 
discussion, and 20 minutes of open (whole class) discussion. The introduction can 
summarize the background information about SBFS and introduce the case study. From 
the ISU students’ feedback, the summary and images of the management strategies 
showed during the introduction strengthened their understanding of the case. Following 
this presentation, students can work in groups of 2 to 5 and confer on their answers to 
each of the 6 questions in the case study. Students can be asked to weigh the pros and 
cons for each disease management strategy during the open discussion. 
Overall, students from the trial classes thought that the case study helped them 
learn about a unique disease of apple that they had never heard of. They indicated that 
they learned the most by exchanging opinions and judging the merits of different 
management strategies in both small-group and open discussion.  This case study is 
suitable for use in courses such as plant pathology, mycology, horticulture, integrated 
pest management, sustainable agriculture, and other agriculture-related curricula. 
  
133 
 
 
 
Cast of Characters 
Umar Mukhlis: A small-scale apple grower in Ames, Iowa 
Dr. Hannah Wilson: Extension plant pathologist at Iowa State University 
 
The case 
A cosmetic disease 
Umar Mukhlis began growing apples commercially in Iowa about 10 years ago. 
With about 15 acres (6 hectares) of trees in production, his business is built around “pick-
your-own” customers (who visit his orchard to buy apples that they pick themselves) as 
well as on-farm and local farmers’ market sales of apples, pies, and cider. Umar’s wife 
works part-time with him in the business to support their family, which includes three 
young children. 
Since customers are on his farm almost daily during the peak of his sales season 
in autumn, Umar has developed friendships with many of them, and is focused on 
keeping them happy (Figure 1). In addition to keeping his orchard and sales areas clean 
and attractive, he goes the extra mile to produce beautiful, perfect-looking apples. 
Customers responded well, and his business was profitable and growing steadily. 
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Abruptly, a dark cloud appeared on Umar’s horizon. A recent, highly publicized 
scientific study showed that fungicide residues - the fungicide remaining on the surface 
of apples after they are sprayed - could be harmful to consumers’ health. Reading this 
news, some of Umar’s customers became alarmed. Several told him they were worried 
about their children’s health if they ate Umar’s apples or apple products. Umar tried to 
reassure them that the fungicide residues, if any, could be easily washed off the apples, 
that he washed and brushed all apples before selling them, and that all the apple peels 
(where the fungicide residue would be) were removed when his pies were made. But his 
customers - particularly those who liked to pick their own fruit in the orchard - have 
remained worried. Farm visits have dropped noticeably, and sales of all his apple 
products have slowed down. As a result, Umar’s profit margin has also dropped, to the 
Figure 1. Pick-your-own customers harvesting apples on the farm. 
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point where he is beginning to fret about his ability to make payments on the bank loan 
that enabled him to buy the orchard and his house, which is also on the property. How 
will he support his young family if the orchard business fails? 
To stop the free-fall in sales, Umar needs to make changes. But what should he 
change? If he cuts back on fungicide spraying against SBFS, his apples might have more 
dark blotches on the peel, so they would look less attractive to customers. 
Can he convince his customers to buy superficially SBFS-smudged but otherwise 
high-quality apples in exchange for a lower risk of possibly hazardous fungicide spray 
residues? Umar is proud of his reputation for producing blemish-free apples, and is 
concerned that his customers will reject fruit with SBFS blotches. How should he head 
off this crisis? 
 Sooty blotch and flyspeck 
Umar knew what SBFS signs looked like (Figure 2), but he needed to figure out 
how to win back his customers and recover his sales volume.  
 
 
 
 
 
 
 
 Figure 2. Sooty blotch and flyspeck on apple. 
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Figure 3. Row of blackberries (left) bordering the apple orchard (right). Spores of SBFS 
fungi can travel in wind and rain from blackberries and other plants to nearby apple orchards. 
Searching for more information, Umar contacted Dr. Hannah Wilson, an 
Extension plant pathologist at Iowa State University. Dr. Wilson told Umar that SBFS is 
caused by many different species of fungi that survive the cold Iowa winter on the twigs, 
canes, and fruit of many types of plants, such as blackberry (Rubus spp.) (Figure 3), that 
grow naturally near the edges of the orchard. Because they live outside the orchard 
borders, these plants never get sprayed with fungicides. In the late spring, summer, and 
early fall, as apples are maturing in the orchard, microscopic spores spread - on air 
currents and in raindrops - from the orchard borders into the orchard and land on the fruit.  
 
 
 
 
 
 
 
 
 
After spores land on the apples, periods of rainy weather or dew stimulate them to 
germinate into a tangled mass of fungal strands called a mycelium. Several weeks or 
months later, these tangles grow and darken enough to be visible on the fruit surface, 
sometimes peppered with tiny black dots (called sclerotium-like bodies) scattered in the 
mycelium (Figure 4a). Different species of SBFS fungi grow into different types of 
visible mycelium on the surface of the fruit (Figure 5). The SBFS fungi burrow into the 
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Figure 4. a. Germinated spores of SBFS fungi produce sclerotium-like bodies and 
mycelium in this enlarged, schematic top view of the surface of an apple fruit. b. In 
this schematic cross-section of the fruit surface, the fungi invade the surface wax layer 
but do not penetrate into the living cells of the fruit. (Reprinted, by permission, from 
Xu et al. 2016). 
outer wax layer of the apple peel, but never penetrate below the epidermis into the living 
cells of the fruit (Figure 4b). They survive by absorbing nutrients that leach out from the 
fruit flesh onto the peel and by breaking down waxes, cutin and other substances that 
compose the non-living outer layer of the fruit surface. 
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As surface dwellers, SBFS fungi are very sensitive to weather conditions. Water 
(from rainfall or dew) helps them to grow, but they stop growing during dry weather. As 
a result, growing seasons with high rainfall and long-lasting dew periods pose a greater 
risk of SBFS outbreaks than relatively dry seasons. Umar knows all of this. But how can 
he manage to keep control of SBFS while meeting his customers’ requests to cut back on 
fungicide spraying?  
Umar called Dr. Wilson to get some suggestions. Hannah was familiar with recent 
SBFS research in the Midwest that tested a management tool called a disease-warning 
system. The idea behind the warning system is simple: keep track of the weather, and 
apply a fungicide spray only when the weather-related risk of an outbreak is high. Dr. 
Wilson explained that once the apples began to form on the tree (fruit set), around the 
time when first summer fungicide spray (first-cover spray, illustrated in Figure 6) is 
applied, the SBFS warning system recommended applying the next fungicide spray only 
after a total of 385 hours of relative humidity (RH) above 90% had accumulated since the 
date of the first-cover spray. The 90% RH threshold was chosen because the apples were 
usually wet above that level of moisture, creating favorable conditions for SBFS fungi to 
infect and grow. After the threshold is reached and a fungicide spray is applied, the 
Figure 5. Different types of SBFS mycelium on the surface of apple fruit. Each type is 
caused by different species of SBFS fungi. 
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warning system recommends returning to a regular 14-day-interval spray schedule for the 
remainder of the growing season. After years of testing the warning system in Iowa 
orchards, the researchers found that it saved three fungicide sprays per year on average - 
a 38% savings compared to the traditional spray-by-the-calendar method, while still 
keeping the apples free of SBFS blotches (Figure 6). 
 
 
 
 
 
 
 
 
 
Trying out this warning system in his own orchard sounded promising to Umar. 
Compared to the current calendar-based system that he has been practicing in his orchard, 
saving three fungicide sprays per year could help to convince his customers that he was 
taking some meaningful steps to cut back on fungicide use. But Hannah cautioned that 
using the warning system also meant taking some time to monitor RH in his orchard. The 
monitoring could be done automatically by fairly inexpensive (about $500) RH sensors 
and data loggers that measures and record RH every hour. However, Umar would need to 
check on the weather station at least once a week, and download the recorded data to a 
laptop computer or other mobile device in order to determine when he should spray. On 
Figure 6. Comparison between calendar-based system spray practice and the proposed 
SBFS warning system. (Diagram prepared by Dr. Jean C. Batzer). 
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the other hand, applying fewer sprays would save Umar money, since it costs him about 
$50 per acre per spray. Another plus was the prospect of saving time during his busy 
summer; instead of spending many hours riding the slow-moving (3 miles per hour) 
sprayer up and down the rows of apple trees, he could spend the time doing other tasks on 
the farm. But Umar also had some doubts. So far, the warning system had been tried out 
only on university farms in Iowa; he would be the first commercial apple grower to use 
the system. What if something went wrong? Would he then have an entire orchard of 
SBFS-blemished apples? 
Umar’s daughter suggested a way to eliminate summer fungicide sprays: persuade 
his customers to buy SBFS-smudged apples. If the customers understood that SBFS spots 
posed no health hazard, that they didn’t affect the eating quality of the apples except for 
appearance, and that more SBFS spots meant less risk of fungicide spray residue on the 
apples, would they be willing to buy his apples again? Could he convince them the 
smudgy apples were actually safer to eat and more environmentally friendly than perfect-
looking ones (Figure 7)? 
 
 
 
 
 
 
  
 
Figure 7. SBFS-colonized apple (left) obtained without using fungicide sprays, and blemish-
free apple (right) resulting from frequent fungicide applications. 
VS
. 
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Umar’s wife had yet another idea: stop selling fresh apples entirely, and sell only 
pies and apple cider. This strategy would eliminate the need for all of the summer 
fungicide sprays, and no SBFS smudges would be visible in the processed apple 
products. Umar hesitated to try this, however, because he knew that the labor and 
machinery required to process apples narrowed his profit margin by about 50% compared 
to fresh apples. Furthermore, what would he say to his pick-your-own and local farmers 
market customers? Should he change his orchard business plan to selling only apple cider 
and pies? 
From experience, Umar knew that the earliest-harvested apple varieties (picked in 
late July and early August) almost never have problems with SBFS. In a recent meeting 
of growers, Hannah Wilson explained that early-maturing apple varieties seem to 
“escape” SBFS problems because they are harvested before these fungi have enough time 
to produce visible colonies. But even though some early apple varieties can be good for 
pies and cider, his customers strongly prefer the later-maturing varieties as fresh fruit. On 
one hand, switching to plant only early-maturing varieties in his orchard would help 
Umar to stop worrying about SBFS and also could drastically reduce the need for 
fungicide spraying. But on the other hand, he suspected that he would lose his pick-your-
own customers, and much of his profit as well. Should Umar consider this idea? 
He recalled that Dr. Wilson mentioned that the wild plants bordering the orchard could be 
harboring SBFS fungi. Umar was wondering if there is anything he could do to the 4 
acres of woodlots and blackberries surrounding his orchards (Figure 8) in order to reduce 
the risk of SBFS outbreaks. Umar contacted Dr. Wilson for some answers. 
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She mentioned that the shrubs and woodlots surrounding the orchard could be 
managed by removing the plants from the orchard border or spraying fungicides on the 
plants surrounding the orchard border. This approach could potentially reduce the source 
of SBFS spores. However, the effectiveness of this strategy had never been tested.  
“There are other SBFS management strategies that can limit or even eliminate fungicide 
spraying when the fruit are developing,” she added. These management options include: 
 
1. Bagging fruit 
This is an approach that is not common in the U.S. but is widespread in China and 
Japan. By using specialized double-layer, air-permeable bags, sometimes called 
Japanese fruit bags, the apple fruit is covered for almost its entire development 
period (Figure 9). This approach is nearly 100% effective in keeping SBFS fungi 
away from the fruit. However, the installation of the bags must be done manually, 
Figure 8. Apple orchard (left) receives spores of SBFS fungi from woodlot border 
on the right (arrow) (Reprinted, by permission, from Gleason et al. 2011). 
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and that means considerable extra labor and cost. In addition, the bag protects 
only the fruit; the leaves and stems are still exposed to other diseases and pests. 
 
 
 
 
 
 
 
2. Summer pruning 
Decreasing the RH in the orchard would minimize the potential for SBFS 
outbreaks. One way to help the fruit dry off quickly after rain or dew periods is by 
pruning (strategically removing certain branches in winter or summer). Pruning 
reduces the density of tree canopy and thereby improves air circulation and helps 
the fruit to dry off quickly after rain or dew, so periods favoring growth of SBFS 
fungi will be shorter. In addition, opening up the tree canopy by pruning provides 
better coverage by fungicide sprays and better light penetration to insure high-
quality fruit. Umar already prunes his trees every winter, but should he also prune 
during the summer? His major concern is where he would find the time to do 
summer pruning during the busy fruit production season. 
 
 
Figure 9. Japanese fruit bag application to protect apple from SBFS infection. 
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3. Postharvest eradication  
Currently, Umar uses water jets and nylon brushes to clean the surface of his 
direct-market apples before he sells them. But if he were to add a “dip tank” to his 
fruit cleaning line, he could remove most of the SBFS colonies from his apples. A 
7-minute soak in a solution of chlorine bleach or fruit soap, followed by brushing 
on his grading line, could really improve the look of his apples. On the other 
hand, Dr. Wilson mentioned that research showed that some SBFS fungi are more 
difficult to remove than others, and some apple varieties are harder to clean off 
than others. Furthermore, going to a dip-and-brush cleaning method will require 
Umar to invest thousands of dollars in new equipment.   
Umar was glad to know that there are other available strategies to manage SBFS. 
However, he had some concerns: 
 The bagging and pruning are both labor-intensive. Since he doesn’t have the time 
for summer pruning or bagging, should he hire more help? Can he even find 
reliable help for these difficult jobs? 
 Postharvest eradication using the dip-and-brush technique sounds promising. But 
with concerns about incomplete wash-off of the SBFS colonies, should he spend 
the money for new equipment, as well as expand his packing shed to house the 
cleaning line? 
 Since Dr. Wilson said that woodlots next to orchards harbor the SBFS fungi, 
should he spray fungicides on those areas? Alternatively, should he clear off the 
woodlands surrounding his orchard to prevent them from being a reservoir for 
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SBFS? The money and time to accomplish this would be substantial; is it worth 
it?  
What should he do? Help Umar figure out the best course of action to manage SBFS in 
his orchard. 
 
Questions: 
1. What are the signs of sooty blotch and flyspeck on apple fruit? 
2. Where do SBFS fungi survive the winter? 
3. What is a disease-warning system? Explain briefly the principle behind the SBFS 
warning system. 
4. Putting yourself in Umar’s situation, what management strategies you would 
choose? Do you think it would be more effective for Umar to rely heavily on one 
strategy, or should he integrates multiple strategies? Develop a disease 
management plan and explain your choices. 
5. What strategies could Umar use to influence his customers to purchase SBFS-
blotched apples?  
6. What additional strategies you can think of that could help Umar to overcome this 
crisis? 
 
Additional questions: 
1. The proposed SBFS warning system was designed to save fungicide sprays during 
the middle portion of the growing system. However, once the warning system 
indicates that conditions are favorable for SBFS (threshold is reached), the 
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fungicide spray program returns to a calendar-based schedule i.e. sprays every 10 
to 14 days until harvest. Figure 6 shows this transition. Assuming that late-season 
sprays contribute the most to fungicide residues at harvest, is the warning system 
really reducing the risk of residues on harvested apples? If not, does that mean 
that the warning system will be not useful in Umar’s situation? 
2. SBFS damage to apples is only skin deep and does not harm the eating quality of 
the fruit. In your opinion, should apple growers apply fungicides to control a 
“cosmetic” disease such as SBFS? 
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Background information 
The disease and the fungi 
Sooty blotch and flyspeck (SBFS) degrades the cosmetic appearance of fresh 
market apples. Apples that are heavily infected with SBFS are typically diverted to 
processing use instead of the more profitable fresh market sale, resulting in large 
economic losses to growers.  
SBFS is a disease complex caused by more than 80 species of fungi. Different 
SBFS species result in a range of different types of colonies on the apple surface - for 
example, some look like dark smudges, whereas as other look like clusters of tiny black 
dots. Unlike other plant pathogens, SBFS fungi colonize only the outer waxy layer and 
cuticle of the fruit without damaging living cells. SBFS fungi feed on nutrients that leach 
out of maturing apples, as well on substances they can absorb from dissolving the wax 
and cuticle on the fruit surface by using enzymes. 
How infection occurs 
SBFS fungi can colonize the surface waxy layer of hundreds of species of plants, 
including pear, papaya, plum, and banana as well as raspberry (Gleason et al., 2011). 
They often grow on the waxy outer layer of canes, leaves, and branches as well as fruits. 
In the eastern half of the U.S., some plants, such as blackberry live near the borders of 
apple orchards, where they can act as “reservoir hosts” by providing spores that infect the 
apples. 
Microscopic-size spores from SBFS fungi on the reservoir hosts spread by wind 
and rain to nearby orchards. These fungi can also survive the winter on the reservoir hosts 
and cause SBFS infection in subsequent years. SBFS signs usually appear late in summer 
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as the fruit mature, and are especially severe when the weather during the growing season 
has been relatively wet. Early-maturing apple varieties are usually free from SBFS 
infections, apparently because the infections are not old enough to cause visible colonies 
by the time the fruit are harvested (Biggs et al., 2010). 
Marketing channels for small-scale apple growers 
Small-scale apple growers often thrive on a direct-to-consumer approach, where 
creating positive relationships with customers helps to insure repeat business. Some of 
the common marketing channels for small-scale growers are: 
1. Farmers markets - provide high levels of retail consumer traffic during specified 
days and hours, as customers are attracted to numerous sellers at the same 
location.  
2. Pick-your-own - This strategy targets consumers who are willing to travel to the 
orchard and enjoy harvesting their own fruit directly from the trees. Effective 
crowd control, appealing agriculture-entertainment features, good marketing, and 
an attractive farm appearance are keys to success of these enterprises. 
3. Roadside and on-farm marketing - Harvested and processed products are sold on 
the grower’s property. 
SBFS management 
The most widely used SBFS management strategy relies on fungicide sprays. 
Since SBFS spores can colonize fruit at any growth stage, most growers apply fungicide 
sprays during the summer on a calendar-based system, in which sprays are applied at pre-
scheduled intervals (weather permitting) of 10 to 14 days from several days after the 
flowering period ends until harvest. A disadvantage of the calendar-based approach is 
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that it may sometimes result in spraying when there is no threat of an SBFS outbreak; in 
other words, it can waste money as well as the grower’s time. Another reason to spray 
only when necessary is concern about environmental and human health hazards 
associated with some of the fungicides that are widely used against SBFS.  
Warning systems were developed to spray fungicides more efficiently: that is, 
only when weather conditions posed a high risk of an SBFS outbreak. An SBFS warning 
system for the Midwest is based on relative humidity (RH) (Duttweiler et al., 2008). 
Beginning about 10 days after the flower petals fall off, growers can wait until a total of 
385 hours with RH above 90% have accumulated before applying the next spray. 
Depending on the growing season, the grower can save as few as one or as many as five 
sprays per season by using the warning system, without adding any risk of fruit damage 
due to SBFS. Each spray saved is equivalent to saving about $50 per acre when all the 
costs, including labor and machinery as well as the spray itself, are calculated.  
Some apple growers are hesitant to adopt the SBFS warning system. Using the 
system requires a data logger and sensor (about $500) to record the RH data each hour, 
plus a laptop computer or other mobile device to download the data from the data logger 
and run the disease model at weekly intervals. In other words, there are significant costs, 
time demands, and a learning curve associated with transitioning from calendar-based 
fungicide spray timing to a warning system. 
In addition to disease-warning systems, other cultural practices that can help to 
reduce the risk of SBFS outbreaks include: 
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1. Bagging fruit - a double-layer bag ($7 for 100 bags) is applied manually to cover 
the fruit and remains on the fruit from several weeks after fruit set until harvest to 
protect the fruit from SBFS infection. 
2. Summer pruning - a cultural practice that promotes a better air movement in the 
tree canopy to minimize the duration of periods of moist conditions that favor 
SBFS infection (Cooley et al., 1997). 
3. Postharvest eradication - Placing apples in a dip tank containing chlorine bleach 
or fruit soap for about 7 minutes, followed by brushing and spray-rinsing, can 
remove most SBFS blemishes. However, the efficiency of this strategy can vary 
with the apple variety, SBFS species, and the severity of SBFS signs (Batzer et 
al., 2002). Most small-scale apple growers in the Midwest U.S. are not currently 
equipped with dip tanks. 
4. Early-maturing varieties - Planting less susceptible varieties will minimize the 
risk of SBFS damage because these varieties are harvested in midsummer, before 
SBFS outbreaks typically appear (Biggs et al., 2010). However, most fresh-
market and pick-your-own customers prefer late-maturing varieties in part 
because they prefer visiting orchards in late summer and early autumn to pick the 
apples as fresh fruit. 
5. Managing bordering woodlots and fencerows - Spraying fungicides on wild 
plants growing on the orchard borders, removing the vegetation bordering the 
orchard, or both could reduce the source of SBFS spores. However, there is no 
documented evidence demonstrating the effectiveness of this strategy. In addition, 
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fungicide application on wild plants could involve legal complications in some 
situations. 
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CHAPTER 6 
GENERAL CONCLUSIONS 
 
In the eastern half of the U.S., sooty blotch and flyspeck (SBFS) can reduce the 
value of apples by up to 90% when the fruit are downgraded from fresh-market grade to 
processing. As a result, growers control SBFS with multiple fungicide applications 
throughout the season. Although SBFS has been studied for 185 years, growers are still 
seeking ways to control it more cost-effectively with less reliance on fungicide spraying. 
The objectives of the present research encompassed taxonomy, ecology, and management 
of SBFS. 
The taxonomic aspect of the research resulted in discovery and naming of a new 
SBFS species in the widespread SBFS genus Peltaster. Peltaster fructicola was the only 
species known in the genus for almost 10 years before P. cerophilus was recently 
described in Slovenia. Characterization of the new species, P. gemmifer, expands 
scientific knowledge of diversity within the SBFS complex, for which more than 80 
species had been described previously. Presence of conidiophores and the ability to bud 
secondary conidia helped to distinguish the new species morphologically, and this 
separation was confirmed by phylogenetic analysis. 
Results of the SBFS-warning system validation provided valuable insight toward 
optimizing SBFS management in Iowa. Reduction of fungicide sprays averaged about 2.7 
sprays per growing season, and the economic analysis showed that the putative system 
for the Upper Midwest, called the Gleason-Duttweiler warning system, could help apple 
growers control SBFS in more cost-effectively than the commonly used calendar-based 
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spray timing system. The next step for validation of this warning system will be to try it 
in multiple commercial orchards over several years. 
The results of this study also created a foundation for more intensive studies in 
understanding the relationship between environmental factors and spatial dissemination 
of SBFS taxa. This study suggested that the ability of Peltaster sp. to produce spores via 
budding resulted in substantially greater dissemination among fruit than two other SBFS 
taxa, Stomiopeltis and Microcyclosporella species. Clarifying the spread of the SBFS 
conidia by using spore traps could further clarify the role of precipitation in spatial 
dissemination, and elucidate difference in responses to precipitation among SBFS taxa. 
Understanding the effect of environmental factors on the dissemination will aid on the 
development of a more efficient SBFS management tactics. 
The research presented in this dissertation has contributed to the existing 
knowledge of SBFS in various aspects. The newly discovered species, P. gemmifer, adds 
to understanding of the diversity of SBFS species complex. The SBFS warning system 
validation created insight into developing more cost-effective and environmentally 
rational SBFS management. The dissemination study increased understanding of how 
different SBFS taxa dispersed among fruit in an apple orchard. The sum of these insights 
is valuable for SBFS researchers, extension specialists, and apple growers – and also 
future scientists, since student feedback from the SBFS case study showed the value of 
incorporating problem-solving and active learning into undergraduate courses. 
 
 
